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 In this thesis, chiral separations of β-blocker drugs were studied by both 
crystallization and chromatographic processes. Specially, among beta-blockers, 
propranolol belongs to the most important one since a variety of analogous compounds 
have been developed based on it.  Nadolol is another β-blocker drug widely used in the 
management of hypertension and angina pectoris, unlike propranolol, its chemical 
structure has three stereogenic centers that allow for eight possible stereoisomers. 
However, the two-hydroxyl substituents on the cyclohexane ring are fixed in the cis- 
configuration that precludes four stereoisomers, which allows for the presence of four 
stereoisomers for this drug. These two drugs were chosen as the target substances in 
this study. 
 In this study, combination of different techniques such as thermodynamic 
calculations, structural studies as well as ternary solubility diagram was proposed and 
demonstrated to be a powerful and reliable method to identify the nature of chiral 
drugs. The thermodynamic properties of enthalpy, entropy and Gibbs free energy of 
formation of racemic compound of propranolol hydrochloride and the entropy of 
mixing of the (R)-, (S)- enantiomers in the liquid state for conglomerate of propranolol 
hydrochloride were calculated. The structural studies such as powder X-ray diffraction 
patterns, infrared spectra and solid-state NMR spectra were utilized to characterize the 
crystalline nature of (S)- and (R, S)- propranolol hydrochloride and noticeable 
differences between enantiomer and racemate suggesting racemic compound nature of 
propranolol hydrochloride. The ternary solubility phase diagram of (R)-, (S)- 
propranolol hydrochloride and the mixed solvent of methanol and acetone in a 
volumetric ratio of 1:4.11 was constructed at 20 °C, which is helpful to understand the 
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nature of racemic mixture and can be used as a guideline for choosing crystallization 
operation conditions to produce pure enantiomers of propranolol hydrochloride.  
 Since direct crystallization can only be applied to resolve racemic 
conglomerates and is not suitable for racemic compounds that account for the vast 
majority of racemic species, chromatographic process was used as the major approach 
in this study for direct separation of chiral drugs. The study concentrated on the three-
chiral center β-blocker drug, nadolol, due to the separation of binary mixtures (i.e., one 
chiral center racemate) by SMB process has been widely investigated. 
 Novel and facile methodologies for the preparation of two series of β- 
cyclodextrin (CD)-based chiral stationary phase (CSP) by immobilization of mono or 
heptakis(6-azido-6-deoxy)-perfunctionalized-β-CD on amino-functionalized silica gel 
have been reported and patented by our group. In this study, heptakis (6-azido-6-
deoxy-2, 3-di-O-phenylcarbamolyted) β-CD bonded CSP was synthesized and packed 
into suitable size of columns in our lab. Complete resolution of three components of 
nadolol was achieved (two stereoisomers eluted together and overlapped in the first 
peak of the chromatogram) and the most active enantiomer (RSR)-nadolol was 
completely separated from other components. Various factors that affect the 
enantioseparation, including the mobile phase composition, pH, ionic strength, mobile 
phase flow rate and temperature were examined systemically. The optimum separation 
conditions for the mobile phase were also determined.   
 The preparative column packed with the perphenyl carbamoylated β-CD 
bonded onto 15 µm spherical silica gel was characterized by the parameters of bed 
voidage and axial dispersion coefficient. Kinetics of mass transfer and equilibrium 
constants were evaluated by moment analysis on the basis of solid film linear driving 
force model for the given chromatographic system. The simulated elution profile 
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matched the experimental ones quite well, which confirmed the validity of model 
parameters obtained. 
 The h-root method was used to determine the competitive Langmuir isotherm 
for stereoisomers of nadolol. In this thesis, the (n+1) component (also known as the 
dummy species) was not introduced for the n component solutes system. Thus the 
expressions for wave velocity and h-root of the entering fluid do not contain this 
species. Although same final expressions were obtained in this study as those of Jen 
and Pinto’s method, the application of the latter one needed the introduction of a 
dummy species and therefore rendered unnecessary complications. Our study showed 
that h-root transformation can be applied directly to the multi-component 
chromatographic system without the introduction of dummy species. As for other 
benefits of this method, the individual isomers of nadolol, which are not commercially 
available, are not required and only very small amount of racemic mixture of nadolol is 
needed. This facilitates the determination of isotherms for racemic drugs. It was also 
found that the experimental and simulated results matched well in the simulation, 
which confirmed that the adsorption of nadolol on perphenyl carbamoylated β-
cyclodextrin bonded chiral stationary phase conform to Langmuir isotherm behavior as 
well as the validity of the isotherm coefficients. 
 The difference and equivalence of two approaches for countercurrent 
chromatographic separation process arising from the different definition of micropore 
liquid concentration were discussed. In application of SMB process, it is of crucial 
importance to use TCC to SMB conversion and linear isotherm coefficients 
expressions consistently within the two approaches. 
 Continuous chromatographic separation of enantiomer (RSR)-nadolol from its 
racemate (which is a ternary mixture in this chromatographic system) in both five-zone 
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and four-zone SMB has been studied. It was demonstrated from our study that the 
same experimental setup could be applied to both five-zone (including both 2-raffinate 
and 2-extract configuration) and four-zone SMB provided the controlling program was 
modified accordingly. Separation performances of the five-zone SMB were 
investigated for both 2-raffinate and 2-extract configurations. Same safety factors were 
applied to both configurations to study the effect of -  (or - ) on the 
separation performance systematically. Furthermore, four-zone SMB was employed to 
separate the target enantiomer from its ternary mixture in nonlinear region. Provided 
that adsorbent and fluid be regenerated properly in section 1 and 4 respectively, 
different regions of (2, 3) and (1, 2) complete separation regime were determined in the 
( , ) region. A practical way of obtaining the approximate optimal operation 
condition from experimental results was proposed. The effect of nonlinearity including 
the overall feed concentration and component composition on the separation 
performances was investigated.  





 A direct simulation approach has been used to simulate the operation and 
performance of a simulated moving bed process for separation of nadolol in a four-
zone SMB. The simulation of the pseudo-binary separation was conducted on the basis 
of the shortcut method constituted only of the weak-key and strong key components. 
The performance of the cyclic steady state behavior of the separation unit is predicted 
reasonably well. The parameters determined by pulse experiments and moment 
analysis are shown to be adequate in simulating both the transient and steady state 
behavior. The simulation results show that the separation performance is more 
sensitive to the accurate determination of the adsorption isotherms than that of mass 
transfer coefficient.  
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Chapter 1  
Introduction 
1.1. General background 
 Chirality is a prominent feature of living organisms. A molecule that is not 
superimposable upon its mirror image is said to be chiral while an achiral substance is 
one that is superimposable on its own mirror image. An alternate definition of chirality 
is based on symmetry elements: a chiral object lacks reflectional symmetry. A pair of 
chiral molecules (also called enantiomers) is possible for all molecules containing a 
single asymmetric carbon atom (one with four different groups attached). The 
asymmetric carbon has also been called the chiral center or stereogenic center. The two 
enantiomers of a racemic species differ only in the spatial arrangement of the 
substituents. They have identical physical and chemical properties in an achiral 
(symmetrical) environment. The specific distinguishing physical property of 
enantiomers is the rotation of plane-polarized light- that is, they have a different sign 
for optical rotation (plus and minus). For substances with n chiral centers, different 
stereoisomers are possible.  
n2
 Chirality really takes its cue from nature. Optically active molecules have 
attracted great attention because living systems are chiral. The basic ‘building block’ of 
life, proteins, nucleic acids and polysaccharides possess chiral characteristic structures 
that are closely related to their functions. It is interesting to notice the homo-chirality 
(molecules of the same handedness or configuration) of human body where proteins 
consist exclusively of L-amino acids and nucleic acids of D-sugars, respectively 
(Jacques, 1993). Although chiral molecules have exactly the same chemical formula, 





properties (Walle et al, 1988, Williams and Lee, 1985). According to the receptor 
theory, enzymes and other biological molecules inside human body are chiral 
molecules that bind selectively to certain molecular structures and thus show the 
enantioselectivity in their binding to the messenger molecules. The lock and key model 
for enzyme and receptor interactions also predicts that only an exact stereochemical 
structure fits to the corresponding site. In fact, the D-amino acids are recognized by 
enzymes, receptors and other biological molecules, whereas the L-forms would be 
rejected in the same reaction. 
 As the human body is a highly stereospecific environment, it has long been 
known that different enantiomers may show very different biological activities which 
arise from the differences in protein binding and transport, mechanism of action, rates 
of metabolism as well as changes in activity due to metabolism etc (Ahuja, 1997, 2000; 
Aboul-Enein and Wainer, 1997). Because of chirality, living organisms usually show 
different biological responses to one of a pair of enantiomers in drugs, food, pesticides, 
etc. Table 1.1 compares the biological activities of some pharmaceutical products 
(Faye, 1975; Crosby, 1997). In general, racemic drugs can be divided into four groups 
from a therapeutic point of view: 
1) Racemates with equipotent enantiomers 
There seems little rationale in separating these drugs since the target receptors do not 
distinguish between the two chemical entities. There are few drugs in this category. 








Table 1.1 Comparison of biological activity of pharmaceutical products 
 
Drug Stereochemical Designation Effect 
S-Isomer Teratogenic 
Thalidomide 




R, S-Isomer Narcotics 
Opiates 
S, R-Isomer Non-addictive cough mixture 
S, R-Isomer Alpha-blocker 
Labetalol 









(-)-Isomer No known effect 
(+)-Isomer High antibacterial activity 
Chloramphenicol 
(-)-Isomer No known effect 
(+)-Isomer Substrate for acetylchlorinase Aeetyl-beta-




S-Isomer is 160 times the activity 
of R-isomer 
S-Isomer Fluoxetine  
(Brand name: prozac) R-Isomer 
Racemate is superior to isomer  
 
Note: D- or L- of isomer are based on definition of Fisher projection; R- or S- of 
isomer are based on Cahn-Ingold-Prelog (CIP) system; (+) or (-) of isomer refer to 
enantiomer which rotates polarized light in a clockwise (dextrorotatory) or counter 







2) Racemates with one enantiomer possessing majority or all the beneficial properties  
Most racemic drugs belong to this category. Only one of the enantiomers has the 
desired effect, whereas the other ‘inactive’ enantiomer may cause undesirable side 
effects.  
3) Racemates superior to enantiomers 
Single enantiomers do not necessarily provide better alternatives to their respective 
racemates. An example is indocrinone, a diuretic. It is therefore important to 
understand the pharmacological, pharmacokinetic, therapeutic as well as toxicological 
effects of both enantiomers in vivo before applying the general rule that an optically 
pure compound is necessarily better.  
4) Racemates with enantiomers possessing different pharmacological effects 
In such cases, the enantiomers of the racemate drug can be separated to give two 
different types of drugs altogether. Propoxyphene is an example of a drug with 
stereospecific effects, where the (-)-enantiomer is an analgesic whereas (+)-enantiomer 
is anti-tussive.  
 As mentioned early, each enantiomer of a racemic drug may have different 
pharmacological, pharmacokinetic, therapeutic as well as toxicological effects. Due to 
these differences between drug enantiomers, the therapeutically non-active isomer in a 
racemate is often regarded as an impurity (Stinson, 1995; Testa and Trager, 1990; 
Waldeck, 1993). It is thus necessary to develop effective therapeutic agents in optically 
pure form in order to fully exploit the nature and to evaluate the enantiomeric purity 
and toxicity/activity of any existing or new drugs. However, the problems of chiral 





for production of single enantiomers were limited in applicability. In mid-1992, the 
U.S. Food and Drug Administration (FDA) enumerated development guidelines for 
stereoisomeric drugs. It concluded that, although drug substances had previously been 
successfully and safely developed and implemented as racemic mixtures, there have 
been several high-profile cases in which the enantiomers were found to have different 
pharmacological and toxicological impact, producing therapeutic problems (Anon, 
1992; Stinson, 1995). Probably the most well documented example is that of the drug 
substance thalidomide. While the (S)- enantiomer was now proven to indeed produce 
therapeutic effects, the (R)- enantiomer was confirmed to be a teratogen and was 
subsequently linked to physical birth defects (Hoffman, 1997). Thus the FDA requires 
that pharmacological studies conducted on both chiral forms of new or improved drugs 
be submitted for evaluation in vitro. The FDA’s guidelines have stimulated the 
development of novel techniques for asymmetric synthesis and enantiomeric 
separations. In the past decade, cost- and time- efficient techniques have been studied 
extensively which could provide the quantities of pure enantiomers necessary for 
toxicological testing and, potentially, commercial production.  
 Consequently, between 1992 and 2000, the world market for optically pure 
chemical compounds increased from $30 billon to an estimated $100 billion (Anon, 
1997). Table 1.2 shows that in 10 therapeutic areas, sales of chiral drugs in 1995 alone 
were $59+ billion, which was about 40% of the total sales of therapeutics (chiral and 
non-chiral) for those areas. The growth rate for these sales has been about 20% for the 
last 5 years.  
 The regulatory requirements, vastness of the chiral pure drug market and recent 
technical advances suggest that chiral technologies will continue to be a very lucrative 






Table 1.2 Sales of chiral therapeutics in 1995 (sales in $ billions) 




Antibiotics 25.0 17.38 
Cardiovascular 30.0 15.345 
Hormones 12.0 6.655 
Cancer 8.0 5.2 
Haematology 11.0 4.245 
Central Nervous System 26.0 3.33 
Vaccines 4.0 3.8 
Respiratory 18.0 1.23 
Organ rejection 1.4 1.29 
Anti-inflammatories 11.0 0.895 
Total 146.4 59.37 
 
Source: Optically Active Chemical Compounds: Worldwide Technology and Market 
Assessment. 7th Ed. (1996) 
 
1.2. Scope of this work 
 Beta-blocker drugs (a. k. a. beta-adrenergic blocking agents or beta- 
adrenoreceptor blocking agents) competitively bind to beta-adrenergic receptor sites on 
the heart (cardiac) and /or nonvascular smooth muscle. They reduce the force of the 
heart muscle contraction and tend to reduce the heart rate under many circumstances. 
The clinical uses were previously reviewed (Meyers, 1980). Beta-blockers are 
hydroxyl-amine containing compounds. The amine functional group is always 





one aromatic or substituted aromatic moiety. A few of them, such as labetolol and 
nadolol, contain more than one chiral center and therefore exist as a mixture of 
enantiomers and diastereosiomers.  
 Although β-blocking properties of β-blocker drugs are found only in the 
levorotatory enantiomers, these drugs are produced synthetically and most are 
commercially available as racemic species. Hence there has been considerable impetus 
for the separation and production of pure enantiomers. Among beta-blockers, 
propranolol belongs to the most important one since a variety of analogous compounds 
have been developed based on it.  Propranolol is mainly used in the treatment of 
hypertension and cardiac arrhythmias and it has been reported that its desired activity 
resides in the (-)-enantiomer. Propranolol has one chiral center and is supplied in its 
hydrochloride from, as shown in Figure 1.1. On the other hand, nadolol, or 5-{3-[(1,1-
dimethylethyl) amino]-2-hydroxypropoxy}-1,2,3,4-tetrahydro-cis-2, 3-naphthalenediol 
is another β-blocker drug widely used in the management of hypertension and angina 
pectoris. Its chemical structure has three stereogenic centers allowing for eight possible 
stereoisomers. However, the two-hydroxyl substituents on the cyclohexane ring are 
fixed in the cis- configuration, which precludes the occurrence of four stereoisomers. 
Thus the presence of four stereoisomers is allowed for nadolol as shown in Figure 1.2. 
Nadolol is currently marketed as an equal mixture of four stereoisomers, designated as 
the diastereomers of “racemate A” and “racemate B”. Racemate A is a mixture of the 
most active stereoisomer I ((RSR)-nadolol) and its enantiomer II ((SRS)-nadolol) in 
1:1 molar ratio, whereas racemate B is a mixture of stereoisomer III ((RRS)-nadolol) 
and its enantiomer IV ((SSR)-nadolol) also in 1:1 molar ratio. For safer and more 
effective use, it is desirable to separate the most potent enantiomer (RSR)-nadolol 





multi chiral centers respectively, these two substances were chosen as the target β-































Figure 1.2 Molecular structures of stereoisomers of nadolol. I (RSR-nadolol) and II 
(SRS-nadolol) constitute nadolol racemate A; III (RRS-nadolol) and IV (SSR-nadolol) 
constitute nadolol racemate B. The first, second and third chiral center refer to that in 







The work of this thesis is summarized as follows:  
 A literature survey on chiral separation will be given in Chapter 2, which 
reviews the methodological approaches of chiral separation methods. This basically 
consists of resolution of racemates by crystallization and chromatographic techniques. 
 In Chapter 3, a reliable method, which is the combination of different 
techniques such as thermodynamic calculations, structural studies as well as ternary 
solubility diagram, will be presented to identify the nature of racemic species. The 
characterization of chiral drugs, which can be a racemic compound, a racemic 
conglomerate or a pseudoracemate (solid solution), is a prerequisite for the design of 
crystallization resolution processes. The method is applied to the beta-blocker drug, 
propranolol hydrochloride, to investigate the possibility of enantioseparation by direct 
crystallization method, which is by far the most straightforward and economical 
enantioseparation method. Unfortunately only 5-10 percent of racemic mixtures belong 
to conglomerate (it is shown in this thesis that propranolol hydrochloride also belongs 
to racemic compound), which limits the application of direct crystallization. Thus in 
the current study, emphases are placed on characterization of racemic drugs in an 
efficient and reliable way, not on the detailed process of preferential crystallization. 
This is because, on the one hand, characterization of racemic drug is a prerequisite for 
the correct design of crystallization resolution processes; on the other hand, the low 
occurrences of racemic conglomerates limit the applications of preferential 
crystallization technique. Direct crystallization methods such as preferential 
crystallization also face difficulties for separation of beta-blocker drug with multi 
chiral centers (e.g., nadolol), due to the complicated requirements of preferentially 





preferential crystallization which is capable of crystallizing the two opposite 
enantiomers of a racemate alternately. 
 Resolution of stereoisomers of nadolol (a three-chiral center beta-blocker drug) 
is studied by high performance liquid chromatography (HPLC) using chiral stationary 
phase (CSP), with the aim of a complete separation of the most potent enantiomer 
(RSR)-nadolol. Synthesis of the CSP, heptakis(6-azido-6-deoxy-2,3-di-O-
phenylcarbamoylated)-β-CD bonded silica gel, will be reported in Chapter 4. Various 
factors that affect the enantioseparation of racemate of nadolol by this CSP, which 
include the mobile phase composition and flow rate, pH, ionic strength and 
temperature will be examined systemically in Chapter 5. The optimum separation 
conditions for the mobile phase will be determined. The elution order of the four 
stereoisomers of nadolol on the CSP will also be decided. 
  In Chapter 6, the preparative columns used for enantioseparation of racemic 
nadolol will be characterized by the parameters of bed voidage and axial dispersion 
coefficient. The kinetics of mass transfer and equilibrium constants are also evaluated 
for the given chromatographic system (mobile phase-chiral stationary phase).  
 For the preparative enantioseparation of racemic species, the non-linear 
competitive isotherm is crucial for the design, operation and modelling of the process. 
As the individual isomers of nadolol are not commercially available, the h-root method 
is applied. Furthermore, in this thesis, h-root transformation will be applied directly to 
the ternary chromatographic system without introduction of the dummy species. 
Actually, the dummy species was aimed to make a n-component system with non-
stoichiometric adsorption (i.e., the Langmuir isotherm) be equivalent with a (n+1) 
component system with stoichiometric exchange and constant total concentrations in 





transformation without dummy species provides the advantage of conceptual clearance 
and will be used to determine the non-linear competitive adsorption isotherms for the 
stereoisomers of nadolol on heptakis(6-azido-6-deoxy-2,3-di-O-phenylcarbamoylated)-
β-CD bonded chiral stationary phase. This will be discussed in Chapter 7. 
 In chapter 8, the difference and equivalence of two approaches for 
countercurrent chromatographic separation process arising from the different definition 
of micropore liquid concentration will be established. In particular, the two approaches 
are different in true counter-current (TCC) process in terms of definition of flow rate 
ratios and complete separation regions expressed by flow rate ratios. They are 
equivalent in simulated moving bed (SMB) process because equal zone flow rates and 
switching time can be obtained from batch chromatography elution experiments. The 
continuous chromatographic separation of enantiomer (RSR)-nadolol from its racemate 
(which is a ternary mixture in our chromatographic system) in both five-zone and four-
zone SMB will be studied. The same experimental setup can be applied to both five-
zone (which includes 2-raffinate and 2-extract configuration) and four-zone SMB. 
Separation performances of the five-zone SMB are investigated for both 2-raffinate 
and 2-extract configurations in the linear region. Same safety factors are applied to 
both configurations to systematically study the effect of -  (or - ) on the 
separation performance. Furthermore, four-zone SMB is employed to separate the 
target enantiomer from its ternary mixture in nonlinear region. A practical way of 
obtaining the approximate optimal operating condition from experimental results will 
be proposed. The effect of nonlinearity including the overall feed concentration and 
component composition on the separation performances will be investigated.  
3m 2m 4m 3m
 In chapter 9,   a direct simulation approach will be used to simulate the 





nadolol in a four-zone SMB. The simulation of the pseudo-binary separation is 
conducted on the basis of the shortcut method constituted only of the weak-key and 
strong key components. The performance of the cyclic steady state behavior of the 
separation unit is predicted by the model. The parameters determined by pulse 
experiments and moment analysis are used in the simulation. Although the model does 
not account for the variation in mass transfer coefficient and dead volume introduced 
by the tubing between columns, simulation results show that the separation 
performance is more sensitive to the accurate determination of the adsorption 
isotherms than that of mass transfer coefficient.  
 This thesis presents a rapid and efficient method to identify the nature of 
racemic species. The characterization of racemic species determines whether 
enantioseparation by direct crystallization method, which is by far the most 
straightforward and economical enantioseparation method, is applicable in practice. 
Furthermore, the conventional 4-zone SMB technology is modified and applied to 5-
zone SMB configuration for chiral separation of nadolol. Besides, four-zone SMB is 
employed to separate the target enantiomer of nadolol from its ternary mixture in 
nonlinear region. By establishing the difference and equivalence of the two approaches 
for counter-current (TCC and SMB) chromatographic separation process, we point out 
the importance of using TCC to SMB conversion and isotherm coefficients expressions 
consistently in application of SMB process. The thesis has contributed toward the 
establishment of general routes and rules for enantioseparation of racemic mixture in 
both 5-zone and 4-zone SMB. This process may be capable of separating other chiral 
racemates, regardless of to which type the drug belongs and whether they contain one 
or multi chiral centers, provided suitable chiral stationary phase and mobile phase are 
chosen.  
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Chapter 2  
Literature Review on Chiral Separation 
2.1. Background on chiral separation 
 Drugs that are derived from natural products are usually obtained in the 
optically active or pure form of a single isomer. However, drugs that are produced by 
chemical synthesis are usually a mixture of equal parts of two, four or more isomers, 
depending on the number of asymmetric centers. As markets for pure isomer chiral 
drugs continue to develop, both fine chemical companies and academic chemists are 
proposing/inventing new enantioselective technologies to produce them through 
various approaches such as (a) asymmetric synthesis (b) biological methods (use of 
enzymatic catalysis and microbiological process); (c) separation method. This chapter 
reviews the methodological approaches of chiral separation methods, which basically 
consist of resolution of racemates by crystallization and chromatographic techniques. 
2.2. Chromatographic techniques 
 In the past few years the development of chiral liquid chromatographic 
techniques has attracted increasing interest for the purification and production of chiral 
drugs. Overloaded elution and displacement operations are batch processes, which can 
be operated under either isocratic or gradient conditions. It has long been recognized 
that chromatographic methods could offer distinct advantages over classical techniques 
in the separation and analysis of stereoisomers, particularly for the more difficult 
separation of racemic mixtures. Chromatographic techniques have the advantages of 
being scaled-up straightforward and easily.  It shows promise for large-scale 
separations and in consideration of the cost of plant-scale resolution processes, the 
sorption methods offer substantial increases in efficiency over crystallization 
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techniques. The chromatographic resolution of enantiomers requires the introduction of 
an asymmetric or chiral environment allowing diastereomeric interactions.  Generally 
they can be divided into three major groups: 
(1) The indirect technique using chiral derivatizing agent. 
(2) The direct method using chiral stationary phase (CSP). 
(3) Methods based on chiral additives to the mobile phase. 
 The latter technique is also popular for enantioseparations by capillary 
electrophoresis and electrokinetic chromatography. 
2.2.1 Indirect HPLC method using chiral derivatizing agent  
 This is the oldest and the most widely used chromatographic approach to 
resolution of enantiomers. The so-called ‘indirect separation technique’ involves a 
chiral derivatizing step of the chiral analyte with a chiral derivatizing agent leading to 
2 diastereomeric derivatives. Diastereomers differ in their physiochemical properties 
and thus can be separated using conventional achiral chromatography, either in reverse 
phase or in normal phase mode of chromatography.  
 
The advantages of this method are: 
(1) The methodology has been extensively studied making the application relatively 
easy and accessible.  
(2) It is possible to use readily available, standard HPLC supports and has great 
flexibility in selecting appropriate stationary and mobile phase conditions. 
(3)   Detectability can be improved by appropriate selection of a derivatizing agent. 
 
The main limitations are: 
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(1) Separation by this method requires that the reagent be readily available in a 
chemically and optically pure form with no racemisation, decomposition and side 
reaction occurring during the derivatisation process. The analyte molecules must 
also contain a functional group suitable for derivatisation.  
(2) The synthesis of the diastereomeric derivatives requires the initial isolation of 
compounds of interest prior to their derivatisation. This hinders the development 
of an automated procedure for large number of samples. 
(3) The application of routine assays is often limited by enantiomeric contamination 
of the derivatizing agent, which can lead to inaccurate determinations. 
(4) Enantiomers can have different rates of reaction and/or equilibrium constants 
when they react with another chiral molecule. As a result, two diastereomeric 
products may be generated in proportions different from the starting enantiomeric 
composition. 
2.2.2 Direct method using chiral stationary phase (CSP)  
 This ‘direct’ method of enantiomer separation relies on the formation of 
reversible diastereomeric complexes of the chiral analyte and a chiral host molecule 
representing the chiral stationary phase (CSP). The chemical nature of the CSPs ranges 
from small molecules, which are ionically physisorbed or covalently bound to a silica 
surface (the brush type CSPs), to chiral biopolymers such as cellulose or proteins also 
strongly adsorbed or bound onto a surface. 
 The separation of stereoisomers by a chiral host molecule requires at least three 
different interactions according to the three-point interaction model. One of these 
interactions must be stereochemically dependent. The separation of enantiomeric 
compounds on CSP is due to the energy differences in the temporary diastereomeric 
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complexes formed between the solute isomers and the CSP. Some important CSPs and 
their possible application in the separation of β- blockers are reviewed here. 
2.2.2.1 CSP based on small synthetic chiral molecules 
(1) Pirkle type CSP 
 Attractive or repulsive interactions by hydrogen bonding, electron donor-
acceptor (π-π) and/or dipole-dipole interactions as well as van der Waals interactions 
between the enantiomers and the CSP are the principal mechanism of chiral 
recognition of such CSPs. The first commercially available CSP of this type was 
developed by Pirkle et al. (1981) using 3,5-dinitrobenzoyl-α-phenylglycine as chiral 
selector. For an effectively stereoselective resolution of enantiomers, derivatisation of 
the solutes is often necessary, especially if they contain polar groups like hydroxyl, 
carboxyl or amino functionalities. These groups have to be shielded because they 
prevent adequate chiral interactions. Moreover, introduction of amide bonds as well as 
groups that promote π-π stacking interaction in the solutes improves the chiral 
separation. Amines are usually converted to amides or carbamates and carboxyl acids 
to amides or esters. The advantages of these CSPs are their high efficiency and 
selectivity and the use of normal phase systems facilitates solute recovery by vacuum 
stripping of mobile phase. However, the requirement of derivatisation for resolution of 
many of the chiral solutes constitutes a serious limitation to the utility of preparative 
work.  
 For separation of β-blockers the amino functions had to be converted to amide 
derivatives, urea derivatives or oxazolidine-2-one derivatives to fulfill the binding 
requirements. Gasparrini, Misiti and co-workers (1991) designed a pirkle type CSP 
based on (R, R)-(3, 5-nitrobenzoyl) diaminocyclohexane, which has separated several 
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β-blockers with separation factor of 1.14-1.55 and resolution factors (Rs) in the range 
of 1.2-3.3. 
(2) Ligand exchange type CSPs 
 Ligand exchange was the first chromatographic technique to make a real 
breakthrough into the exciting and rapidly extending field of chiral separation. The 
resolution of the enantiomers is based on the formation of diastereomeric chelate 
complexes between the enantiomers of the analyte and the chiral molecule and a 
transition metal ion. The selector ligand molecule can be introduced via the mobile 
phase as an additive but can also be covalently bound to the stationary phase. Amino 
acid derivatives have been the ideal compounds for the chiral ligand exchange 
separations of amino acids and derivatives.  
2.2.2.2 CSPs based on immobilized proteins 
 Proteins are high-molecular-weight polymers composed of chiral subunits (L-
amino acids). CSPs based on proteins were developed with regard to the 
stereoselective binding properties of drugs to certain proteins found by in vitro 
measurements. Hemansson introduced the first protein type CSP based on α1-acid 
glycoprotein, AGP (Commercially known as Enantiopac). Several separations of 
cationic drugs were carried out. These include neutral but moderately polar 
compounds, beta-blockers or their derivatives and amines. By changing the linking 
procedure of AGP to silica support, a second generation of this CSP, the CHIRAL-
AGP, was introduced owning higher stability than the enantiopac columns. 
Hermannson demonstrated the separation of several beta-blockers and other drugs on 
CHIRAL-AGP without any achiral derivatisation. However, owing to small fraction of 
the protein that is actually involved in enantioselective binding, the capacity of all 
protein columns is quite low. Therefore, they are best suited for analytical scale work. 
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2.2.2.3 CSP based on polysaccharides and derivatives 
(1) CSP based on inclusion complexation 
 Cyclodextrins are cyclic oligosaccharides composed of D-α-glucose units. α, β, 
γ-cyclodextrin are the three most common forms, which contain six, seven and eight 
glucose units, respectively. Cyclodextrins may form chiral cavities into which the 
solute molecule may completely or partially enter leading to the formation of different 
diastereomeric inclusion complexes with different association or dissociation 
constants. α, β, γ-Cyclodextrins and their derivatives are bounded onto silica to prepare 
such CSPs. Armstrong and Demond introduced the first β-CD CSP and later reported 
the resolution of several beta-blockers (Armstrong and Demond, 1984). The separation 
of underivatised atenolol enantiomers on phenylcarbamate derivatives of β-
cyclodextrin and the applicability of this technique to serum samples were also carried 
out. 
(2) CSP based on cellulose or amylose derivatives 
 Phenylcarbamates of various polysaccharides such as cellulose, amylose, xylan, 
curdlan, dextran and insulin show characteristic optical resolving abilities. In these 
CSPs, chiral cavities within the chiral selector layer may play a major role as the chiral 
discrimination mechanisms, together with hydrogen-, π-π, and/or dipole interactions. 
Okamoto et al. (1986) described the separation of several beta-blockers on a CSP 
based on cellulose or amylose derivatives adsorbed on a macroporous silica gel. In 
particular, the cellulose tris (3,5-dimethyl) phenyl carbamate derivative commercially 
available as Chiralcel OD (Daicel Chemical Industries) found widespread application 
for bioanalysis of beta-blockers and their metabolites. The first generation of this CSP 
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was applied in normal phase mode and exhibits a chemical instability towards certain 
organic solvents such as CH2Cl2, THF and perhaps large amounts of alcohol whereas 
the new generation, OD-R, can be used in reverse phased mode with almost equal 
efficiency. 
2.2.3 Chiral mobile phase additives 
 The resolution of enantiomeric compounds has been accomplished through the 
transient diastereomeric complexes formed between the drug enantiomers and the 
chiral mobile phase additive by a non-chiral column. The chiral resolution is due to 
differences in the stabilities of the diastereomeric complexes, solvation in the mobile 
phase, and binding of the complexes to the solid support. There are three major 
approaches to the formation of diastereomeric complexes. 
(1) Ligand exchange 
 Chiral ligand exchange is an excellent method for resolution of amino acids and 
amino acid like compounds. These molecules need not be derivatised and the aqueous 
mobile phases are compatible with automated column switching techniques. This 
technique is based on the formation of diastereomeric complexes involving a transition 
metal ion, a single enantiomer of a chiral molecule, and the racemic solute. The formed 
diastereomeric complexes have different stabilities or distribution properties between 
the mobile and the stationary phases, which forms the basis of chiral selectivity. A 
number of chiral molecules have been resolved by ligand-exchange chromatography. 
However the resolution is only possible for those molecules that are able to form 
coordination complexes with transition metal ions. Many pharmacological substances 
including beta-blockers have not been resolved by this method. 
(2) Ion pairing 
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 Ion pairing is a liquid chromatographic method commonly used with charged 
solutes. The method is based on the formation of a “neutral complex” (ion pair, SC) 
between a charged solute (S+) and a counter-ion of opposite charge (C-). When both 
the solute and the counter-ion are optically active, diastereomeric ion pairs are formed. 
These ion pairs can often be separated by differences in their solvation in the mobile 
phase or in their binding to the stationary phase. The solutes resolved by chiral ion 
paring chromatography have included amino alcohols such as alprenolol, carboxylic 
acids such as tropic acid and naproxen, and amino acids such as tryptophan. The chiral 
ion pairing systems are not stable. The chromatography can be affected by the water 
content of the mobile phase, temperature, pH and a number of other factors, which 
makes the routine applications difficult. 
(3) Inclusion 
 Cyclodextrins has been used successfully as the mobile phase additives for a 
number of enantiomeric separations. The mechanism of the separation is more 
complicated than that using bonded cyclodextrins to silica gel stationary phase since 
both inclusion complexion and adsorption (or partition) play a role in the separation. β-
cyclodextrin has been used as a chiral mobile phase additive in the resolution of 
mephenytoin, methylphenobarbital and hexobarbital. However, the application of this 
method seems to be limited in the application of enantioseparation. For example, many 
substances such as secobarbital, pentobarbital and thiopental are not resolved when 
chromatographed with a β-cyclodextrin containing mobile phase. 
2.3 Crystallization techniques 
 In recent years, chromatographic separation has been the main technique used 
to resolve racemic mixtures. However, the traditional optical resolution techniques, 
based on crystallization, still play an important role in the enantioseparation. 
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Resolution of racemates by crystallization remains an important and economic process 
for industrial-scale production and purification of enantiomers. Crystallization is also 
of great laboratory interest for enantioseparation due to its simplicity and 
straightforward. There are several reasons for the importance of crystallization 
technique (Collet, 1999). First, in many cases they are more straightforward and more 
economical than any other methods. Second, these methods have, during the past two 
decades, been greatly improved in their rationale and efficiencies as a consequence of a 
better knowledge of the properties upon which separations by crystallization are based. 
These improvements involve identification of racemate types, utilization of phase 
diagrams to describe solid-liquid equilibrium, establishment of guidelines to speed up 
the selection of the best resolving agent, etc. Third, crystallization method does not 
only apply to the resolution of racemic conglomerates, they can also be used for 
obtaining pure enantiomers from nonracemic (partially resolved) mixtures, regardless 
of their origin and the type to which they belong, which can be a racemic compound, a 
racemic conglomerate or a pseudoracemate (solid solution). 
 There are three fundamental types of enantiomer mixtures based on their 
melting point phase diagram (binary diagram), which are racemic conglomerate, 
racemic compound and solid solution (pseudoracemate) (Jacques and Collet, 1981). 
These categories of enantiomer mixture may also be defined by the solubility diagram 
(ternary diagram), which corresponds to the (R)-, (S)- enantiomers and the solvent. 
Based on the different types of racemic mixtures, which can be determined by the 
combination of different techniques such as thermodynamic calculations, structural 
studies as well as binary and ternary phase diagram (which will be discussed in 
Chapter 3), direct crystallization or crystallization of diastereomers can be utilized for 
the enantioseparation of racemic species. 
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2.3.1 Direct crystallization 
 Optical resolution by direct crystallization of a racemate is only possible when 
the racemic mixture belong to conglomerate. In this case, essentially two main types of 
methods are available. In the first of these, the two enantiomers are allowed to 
crystallize simultaneously in the solution, which itself remains close to racemic. In the 
second method, which is also named preferential crystallization, one manages to 
promote the preferential crystallization of a single enantiomer, in a solution that is not 
allowed to come to equilibrium. 
2.3.1.1 Separations based on the simultaneous crystallization of the enantiomers 
It can be performed in three different ways. 
(1) Spontaneous resolution, which is used when a conglomerate crystallizes, may be 
under favourable circumstances followed by the mechanical separation (hand 
sorting) of the (R)- or (S)-crystals, as performed by Louis Pasteur in his 
memorable experiments in 1848 on the separation of the (R)- and (S)-sodium 
ammonium tartrates (Collet, 1980). This kind of separation is extremely time-
consuming and laborious. It permits one to collect only crystals that are well 
formed and exhibit well-defined characteristics (hemi-hedrism) that distinguish 
left and right crystals. Unfortunately, this situation scarcely occurs even if 
relatively large crystals are available. More often, hand sorting is utilized to collect 
the first crystals of enantiomer required by preferential crystallization.  
(2) A more practical variant of the simultaneous crystallization method comprises the 
localization of the crystallization of individual enantiomers on suitably disposed 
seeds, within a racemic supersaturated solution. An apparatus was developed that 
allows the simultaneous crystallization of methadone producing two crystals of 
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(+)-methadone weighing 13.0 g and (-)-methadone weighing 13.1 g by 
evaporation crystallization (Zaugg, 1955).  
(3) A further improvement of the above procedure is to allow the supersaturated 
solution of the racemate to circulate over (+) and (-) seeds, which are physically 
separated from one another, for instance, by means of fritted glass plate. Several 
pieces of apparatus have been described for the resolution of various 
conglomerates by this dynamic method. A typical device is made up of two jacked 
tubes which are maintained at different temperatures by circulation of appropriate 
thermostatted fluids through the jackets.  The crux of this process is that the warm 
solution becomes supersaturated upon arrival in the cold tube. A seed of one of the 
enantiomers suspended from a wire is introduced in cold tube and the crystals of 
the corresponding enantiomer grows from the seed with the solution originating in 
the warm tube providing the “nourishment.” This apparatus was used in the 
resolution of ( )-hedrobenzoin and monocrystals weighing at 2.9 g was obtained 
having an optical purity of 98 to 100%. In the same time, the racemate crystals 
contained in the cold tube progressively increase in optical purity with respect to 
the other enantiomer as the crystallization proceeds in the tube (Brugidou et al., 
1974). A device similar to that of Brugidou has been successfully employed in the 
resolution of 3-fluoro-D, L-alanine-2-d-benzensulfonate on a scale of 13 kg 
(Dolling et al., 1978). In another attempt, (+) and (-) enantiomers of lysine 3,5-
dinitrobenzoate were obtained with an optical purity of 93.1% and 92.2%, 
respectively (Sato et al., 1969). Examples of large-scale production of optically 
pure stereoisomers include those developed by Haarmann & Reimer for the 
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2.3.1.2 Resolution by preferential crystallization 
 The preferential crystallization takes its origin in experiments performed by 
Gernez in 1866, who showed that a supersaturated solution of sodium ammonium 
tartrate, when seeded with a particle of (+)-salt, only yielded crystals of that salt. In this 
method, one manages to promote the crystallization of one of the enantiomers while 
keeping the other in supersaturated state. Application of this process thus rests on the 
mastery of the crystallization rates of the two enantiomers, and the utilization of the 
ternary phase diagram facilitates the crystallization process. In contrast to the 
continuous process of the simultaneous crystallization of two opposite enantiomers of 
racemic conglomerate, resolution by preferential crystallization is performed in batch, 
which rests on the control of the crystallization rates of the two enantiomers.  
 Even though individual cases differ from one another and thus require specified 
procedures, most resolutions by preferential crystallization described in literature 
require the sequence of alternate crystallization of the two enantiomers (Shiariwa et al., 
1998; Harada, 1986). In considering the requirement of preferential crystallization, one 
should follow the properties of the phase diagram as a whole and not only from the 
individual solubilities of pure racemate and enantiomer. The necessary condition for 
resolution by preferential crystallization is that the racemic mixture, if it exists at all, 
does not crystallize during the operation. This may be correspond to several 
possibilities: 
(1) The conglomerate is the stable crystalline form, and no racemic compound exists. 
The above condition is always fulfilled. 
(2) The conglomerate is the stable crystalline form. However, the existence of a 
metastable racemic compound is likely to make the preferential crystallization 
difficult if not impracticable. For example, though the acid C6H5Cl-CHOH-CH2-
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CO2H is a conglomerate, its crystallization in a solvent always yields a metastable 
racemic compound. All attempts at resolving this substance by preferential 
crystallization have been in vain. 
(3) A substance may exist as a racemic compound or as a conglomerate according to 
the temperature. In this case, the resolution is generally feasible in the region of 
stability of the conglomerate. An example is the substance of sodium ammonium 
tartrate, which may be resolved by preferential crystallization below 27 °C. 
(4) The stable crystalline form is a racemic compound under all conditions. As a 
matter of fact, this is the most common case. Preferential crystallization is 
unrealizable even if the racemic compound is more soluble than the enantiomers. 
 
 Preferential crystallization can also be interpreted by means of ternary diagram 
in Figure 2.1. The initial solution M contains the racemate and a slight excess of (L)- 
enantiomer, it is prepared at an elevated temperature and then cooled to T0, a 
temperature for which the solubility curves are AEA’. The solution is then 
supersaturated with respect to both enantiomers, but the extent of supersaturation is 
greater for  (L)- enantiomer. Upon seeding, (L)- enantiomer is induced to crystallize 
alone, the point representing the mother liquor composition is displaced along the line 
LMN and toward N, and the solid in equilibrium with the mother liquor is represented 
by point L. Normally, the duration of the crystallization is adjusted so as to yield a 
quantity of crystals of (L)- enantiomer which is double that initially in excess. After 
removing the crystals of  (L)- enantiomer, an equivalent weight of racemate is added to 
the mother liquor so as to yield system P which is symmetric with this mixture. It is 
then heated to dissolve the solid, cooled to T0 and seeded with (D)- enantiomer that 
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crystallizes this time. The composition of the mother liquor varies from P to Q. After 









Figure 2.1 Resolution by preferential crystallization 
 
 In practice, points M, N etc. corresponding to successive cycles need not be 
rigorously superimposable. Figure 2.2 gives a view of the dispersion of compositions 
observed in the case of preferential crystallization of hydrobenzoin.  
 In summary, the spontaneous crystallization of a supersaturated solution 
comprises two steps: (1) the appearance of crystalline seeds (nucleation) and (2) 
development of crystals from these seeds. It consists of the crystallization of a 
supersaturated solution in a time period and at a given set of conditions in which one of 
the enantiomers is at the upper limit of its residual supersaturation while the other is 
present in excess determined by the first. However, in most cases, the optical initial 

















Figure 2.2 Successive cycles of resolution of hydrobenzoin by preferential 
crystallization (Collet et al., 1980) 
 
 It has been pointed out that resolution by crystallization must generally be 
easier to carry out with salts than with undissociable organic compounds (Collet, 1980; 
Watanable and Noyori, 1969). For instance, although optical resolution of  (R, S)-
malic acid by diastereomeric methods have been studied for many years, the optical 
resolution of ammonium  (R, S)-malate by preferential crystallization has seldom 
appeared in the literature. The difficulties for preferential crystallization to resolve 
ammonium (R, S)-malate is that supersaturated solution is unstable and when 
crystallization takes place by nucleation, a large quantity of monoammonium malate 
crystallizes at once without preferential crystallization. In a systematic study, it was 
found that ammonium formate and ammonium acetate are the best additive to stabilize 
the supersaturated solution so that preferential crystallization method can be utilized to 
resolute ammonium  (R, S)-malate (Harada, 1986). 
 Although the scope of the direct crystallization methods may seem restricted by 
the small occurrence of racemates existing as conglomerates, this difficulty can often 
be circumvented in practice by a symmetric search for derivatives or precursors of the 
compound of interest that meet this requirement. For instance, now almost all of the 
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proteogenic amino acids can be resolved by direct crystallization of suitable 
derivatives. 
2.3.2 Crystallization of diastereomers  
 When racemic compounds are formed, which account for the vast majority of 
racemic species, resolution by direct crystallization method cannot be applied to 
separate the enantiomers. Crystallization of diastereomers is the most widely used 
method consisting of the formation and separation of diastereomers formed from a 
racemic substrate and an optically active resolving agent. It is convenient to designate 
letters p (positive) and n (negative) for the diastereomers resulting from reaction of the 
two constituents having like sign and opposite sign of rotation, respectively. The p and 
n diastereomers of a given pair are distinct compounds, which exhibit different 
structures in the crystal state as well as melting points, solubilities and crystal densities, 
etc. However, it is important to recognize that the possibility of separating the p and n 
diastereomers by crystallization of their 1:1 mixture, does not depend only on the 
properties of the pure p and n species; it rests primarily on the existence of favorable 
solid-liquid phase equilibria for the binary or ternary system. Only diastereomer 
systems forming eutectic phase diagrams are suitable for resolution by crystallization. 
Systems in which a 1:1 [p:n] compound exists are totally unsuitable for resolution 
since crystallization of a 1:1 mixture will not give the pure diastereomers. For systems 
forming a continuous solid solution, resolution is possible provided that the solubility 
difference between the pure components is sufficiently large. However, the enrichment 
is very modest and utilization of systematic fractional crystallization technique is 
required (Collet, 1999). 
  In general, there are no established guidelines for predicting what will be the 
best resolving agent for a given substrate (Kinbara and Sakai, 1996). However, the lack 
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of rationality at this crucial stage does not represent a serious issue, because the 
number of available resolving agents is very limited (Collet, 1999).  Besides, salt-
forming acid-base reactions are central to such resolutions, for they account for the 
overwhelming majority of diastereomer crystallization. It is now possible to perform 
such resolutions quite rationally with a high probability of success.  
 Salts usually need polar solvents to perform the diastereomer crystallization 
process, and a statistical survey of solvents used in over 800 such resolutions indicates 
that anhydrous or aqueous acetone, alcohols (ethanol, methanol, 2-propanol and 
butanol) and water feature in approximate 80 % of the cases. The presence of water 
may be necessary, whenever the salts crystallize as hydrates. This is why 95% ethanol 
rather than absolute ethanol is to be preferred during the selection of a resolving agent. 
Recently, some researchers have found that using mixtures of three structurally related 
resolving agents, instead of a single one, may allow a higher probability of success and 
better resolution efficiency than the classical method carried out in the usual way 
(Vries et al., 1998; Stinson, 1998). This method has been used successfully for the 
resolution of racemic compound in industry (Collet, 1999). 
  In summary of crystallization techniques, which includes direct crystallization 
and crystallization of diastereomers, understanding of phase equilibria in enantiomer 
and diastereoisomer systems remains a central question because it may shed light on 
the mechanisms of separation processes. It is of crucial importance for the prediction 
of diastereomer phase diagrams, which involves the selection or a priori design of 
resolving agent (Bruggink, 1997). Although it has been shown in theory that 
conversion of racemic compounds into racemic conglomerates could be achieved 
under high pressure for some racemates, which can facilitate enantiomer separation by 
direct crystallization technique (Collet and Vigne-Maeder, 1995), the approach is 
neither theoretically mature nor practically effective. This has inhibited its application. 
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2.3.3 Characterization of the racemic species 
 Crystallization of a partially resolved compound can lead either to the racemate 
or to the pure enantiomer, depending on the initial enantiomeric purity and the type of 
racemate forms. Thus characterization of the racemic species is a prerequisite for the 
design of crystallization resolution processes. It is important and helpful to examine in 
details the type to which the (R)-, (S)- enantiomer system belongs: 
1) Racemic conglomerate is the racemate type which is defined as an equimolar 
mixture of two crystalline enantiomers. When the conglomerate crystallizes, each 
enantiomer crystallizes separately. The solid is a two-phase physical mixture. The 
mixture melts as if it was a pure substance and exhibits a eutectic in its phase 
diagram. When one of the enantiomers is in excess, the quantity of (R)- and (S)- 
enantiomer crystallized simply corresponds to the actual enantiomeric composition 
of the sample. The occurrence of conglomerates has been estimated at 5-10% of 
the enantiomers.  
2) Racemic compound is the most common type that contains an equal number of 
molecules of each enantiomer in the unit cell of the crystal. For a crystalline 
mixture containing one of the enantiomers, say (R)-, in excess, it actually consists 
of two types of crystals: (R, S)- crystals (the racemic compound) and (R)- crystals 
that have the amount corresponding to the excess of this enantiomer in the sample. 
Such a sample is physically split into enantiomer and racemate fractions; one can 
make use of this property to obtain a pure enantiomer from a partially resolved 
mixture. The melting point of the racemate can be either lower (e.g., mandelic 
acid) or higher (e.g., 2-phenoxypropionic acid) than that of the pure enantiomer, 
however, on the average, the difference between them rarely exceeds 20K. ±
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3) In the case of pseudoracemate formation, any solid mixture contains a single kind 
of crystals in which the enantiomeric ratio corresponds to the overall sample 
composition. A pseudoracemate is thus a solid solution of the two enantiomers. 
One can go through the phase diagram, from one enantiomer to the other while 
keeping in the same crystal lattice, whose composition gradually changes from 
pure (R)- to pure (S)- enantiomer. Hence, a partially resolved sample is not split 
into enantiomer and racemate fractions in this case, and therefore it cannot be 
purified by a simple crystallization technique. The use of time-consuming 
fractional crystallization methods can be occasionally successful in such cases. 
Fortunately, the occurrence of pseudoracemates is not common.  
 In summary, characterization of the racemic species is a prerequisite for the 
design of crystallization resolution processes, which can be either direct crystallization 
or crystallization of diastereomers formed from a racemic compound substrate and an 
optically active resolving agent. The issue of predicting the type of racemic species for 
a given racemate is thus very important for the correct choice of resolution methods 
and will be discussed in Chapter 3. 
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Chapter 3  
Racemic Characterization of β-Blocker Drug  
Propranolol Hydrochloride 
3.1 Introduction 
 It has been mentioned in Chapter 2 that the choice of crystallization resolution 
methods as well as the likelihood of success is largely dependent upon the type to 
which the crystalline drugs belongs. Actually, the different types of racemates lie in the 
different arrangements of equal numbers of moles of opposite enantiomers in the 
crystalline state. Characterizing the crystalline nature can lead to resolution methods 
that are reasonable and logical. Resolution of an enantiomer on a preparative scale can 
be a tedious and expensive process if the racemic mixture is a racemic compound or a 
pseudoracemate. This is because separation of the diastereomers formed from a 
racemic substrate and an optically active resolving agent is required (Kozma et al., 
1992). Alternately, the technique of simulated moving bed, using chiral stationary 
phase, can be employed to separate the racemic compounds to the desired enantiomeric 
purity or at least obtain partially resolved solutions of the two opposite enantiomers, 
which can thus be crystallized to obtain the desired product purity (Ching et al., 1993; 
Lim et al., 1995). On the other hand, conglomerate can be resolved on a large scale by 
the preferential crystallization method (also known as direct crystallization), which 
involves introducing seed crystals of the desired enantiomer into a cooling saturated 
solution of the racemic mixture and harvesting the crystals that grow on the seeds 
(Harada, 1986; Jacques and Collet, 1981; Shiraiwa, 1998).  
The formation of different types of racemic mixtures is a result of difference in 
the structure and energy between the homochiral and heterochiral crystals, which is the 
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origin of chiral discrimination in the solid state. In view of significant differences in 
the melting behavior of racemic species, their thermodynamic properties must differ. 
These differences may be used to characterize the racemic species and may further 
reveal the driving force for the formation of racemic compound versus that of a 
racemic conglomerate or a pseudoracemate. For this reason, understanding the 
thermodynamic basis of the stereoselective interactions is helpful for characterizing the 
different types of racemic mixtures in order to predict and optimize the course of 
resolution. 
It is well known that the definitive identification of the structural differences 
between a racemic compound and the corresponding enantiomers usually comes from 
powder X-ray diffraction patterns, or from spectroscopic techniques such as infrared 
and solid-state nuclear magnetic resonance spectroscopy. These techniques can be used 
as complementary tools for the structural characterization of racemic species besides 
the calculation of thermodynamic properties.  
 Construction of the binary phase diagram from measurements of the melting 
point temperatures of the racemic mixtures as well as the corresponding enantiomer 
and racemate has traditionally been used for identifying the nature of the racemic 
species (Dwivedi, 1992; Kommuru, 1998; Steven, 1993). However, examination of 
melting temperatures alone may not be adequate in some cases, in particular when the 
racemic species exists either as a metastable racemic compound or as a metastable 
racemic conglomerate. Besides, the racemic structure at melting point is not 
necessarily the same as that at room temperature because of transformation of racemic 
structure. Finally, the binary phase diagram of some organics could not be prepared 
because they will be decomposed on heating. In this sense, the ternary solubility 
diagram will be more helpful to understand the nature of racemic mixture. Although 
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direct crystallization can only be applied to racemic conglomerates and is not suitable 
for racemic compounds which account for the vast majority of racemic species, it is 
still possible to purify partially resolved racemic compounds by crystallization method. 
Indeed, whether crystallization methods yield a successful enantioseparation is 
determined by the composition of the feed to the crystallizer and the form of the 
equilibrium phase diagram exhibited by the two enantiomers and solvent (ternary 
system) in question. Therefore in order to know whether a partially resolved racemic 
compound can be further enriched, it is necessary to know the exact shape of the phase 
diagram. The feasibility and yield of enrichment of a partially resolved mixture is 
dependent on the shape of the phase diagram and the position of eutectic points. In 
Figure 3.1, racemic compounds represented by Figure 3.1b is more favorable in respect 
of the enrichment of desired product than that given by Figure 3.1a.  
For the study of crystallization from solution, it is useful to determine the 
solid/liquid equilibrium solubility diagram of the racemic species of interest. 
According to the corresponding solubility diagrams, appropriate methods including 
temperature change, evaporation of solvent, changing solvent composition and 
precipitation can be chosen to generate the supersaturated solution for further 
crystallization. Crystallization processes can take place only in supersaturated phase, 
and the rate of crystal nucleation and growth as well as crystal size distribution are 
often determined by the degree of supersaturation (metastable zone width). In case of 
resolution of conglomerate with preferential crystallization method, the metastable 
zone width is especially important for controlling the product quality (Mersmann, 
1995).  
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Figure 3.1 Typical phase diagrams of various racemic species, which are racemic 
compound (Figure 3.1a or 3.1b), racemic conglomerate (Figure 3.1c) and 
pseudoracemate (Figure 3.1d). (Source: Jacques et al., 1981) 
 
 
For our target substance, the β-blocker drug propranolol, its melting point 
phase diagram has been constructed for both free-base and hydrochloride forms 
(Steven, 1993). However, ternary solubility phase diagram of (R)-, (S)-propranolol 
hydrochloride with solvent has not been studied. The solid/liquid equilibrium solubility 
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of the enantiomer and racemate of propranolol hydrochloride remains to be 
investigated. The definitive identification of the structural differences between racemic 
propranolol hydrochloride and its corresponding enantiomer from powder X-ray 
diffraction patterns as well as from spectroscopic techniques such as infrared and solid-
state nuclear magnetic resonance spectroscopy has also not been reported, which is 
useful for the structural characterization of racemic species. 
In this chapter, we demonstrate that the combination of different techniques such 
as thermodynamic calculations, structural studies as well as ternary solubility diagram 
may be a powerful tool to identify the nature of racemic species. In particular, 
thermodynamic properties of propranolol hydrochloride were obtained for both the 
cases of formation of the racemic compound and racemic conglomerate of propranolol 
hydrochloride. The enthalpy, entropy and Gibbs free energy of formation of racemic 
compound of propranolol hydrochloride and the entropy of mixing of the (R)-, (S)- 
propranolol hydrochloride in the liquid state for conglomerate of propranolol 
hydrochloride were calculated. Powder X-ray diffraction patterns, infrared spectra and 
solid-state NMR spectra were utilized to characterize the crystalline nature of (S)- and 
(R, S)- propranolol hydrochloride. The solubility and metastable zone width of (R, S)- 
propranolol hydrochloride in the solvent mixture of methanol and acetone in a 
volumetric ratio of 1:4.11 were determined experimentally at different temperatures. 
Finally, the ternary solubility phase diagram of (R)-, (S)- propranolol hydrochloride 
and the mixed solvent was constructed.  
3.2 Experimental and Methods 
3.2.1 Materials 
 The racemate and enantiomers of propranolol hydrochloride (briefly, ClPN ⋅ ) 
were purchased from Sigma-Aldrich Company. They were used without further 
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purification. Methanol and acetone were obtained in analytical grade from Fisher 
Scientific (Leics, UK). 
3.2.2 Thermodynamic Properties of Propranolol Hydrochloride -Enthalpy, 
Entropy and Free Energy of Formation for Racemic Compound and 
Entropy of Mixing for Racemic Conglomerate 
 For the majority of chiral species which are racemic compounds, their stability 
can be defined through the Gibbs free energy difference , which corresponds to 
the reaction between the crystalline D and L species that gives rise to the crystalline 
racemic compound R: 
0G∆
SSS RLD →+  (3.1) 
Where the left side refers to the racemic conglomerate, which consists of an equimolar 
mixture of D and L in crystalline state. is the Gibbs free energy of formation of 
the racemic compound from the two opposite enantiomers. For a stable racemic 
compound, free energy change must be negative. can be expressed as a function of 
the corresponding enthalpy of formation, 
0G∆
0G∆
0H∆ , and entropy of formation, : 0S∆
0G∆ = 0H∆ -T   (3.2) 0S∆
The thermodynamic quantities in Equation 3.2 are not directly measurable, but 
can be determined from enthalpies of fusion, fH∆ , and melting temperature, fT , of 
both the racemic compound and enantiomers which were determined by DSC 
experiments. 
 When a racemic compound is formed, there are two situations of 
and , formula for enthalpy of formation and entropy of 




A TT < fRfA TT >
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enantiomers and racemate  and liquid phase enantiomers and racemate 




























−−+∆−∆=∆  when     (3.3b) fRfA TT >
























ln)(2ln0 −++∆−∆=∆  when    (3.4b) fRfA TT >
Where 0H∆ , represent the enthalpy of formation and entropy of formation, 0S∆ fH∆ , 
, fS∆ fT ,  and represent the enthalpy of fusion, entropy of fusion, melting 
temperature, heat capacity of liquid and solid, respectively. The subscript A denotes 
the enantiomer and R the racemic species. Substituting the enthalpy of formation and 
the entropy of formation into Equation 3.2 gives the free energy of formation . 
Taking the difference in the melting points, , and neglecting the small 














−∆∆−=∆ , when       (3.5b) fRfA TT >
For the case of racemic conglomerates, normally enantiomers of opposite 
chirality are perfectly immiscible in the solid state, so . Because of the 0=∆ msH
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structural similarity of the enantiomers molecules, their liquid mixture is close to ideal, 
so that . The entropy of mixing of the enantiomers in the liquid state can also 
be derived by using the thermodynamic cycle involving solid and liquid phases of 






























∆−∆−∆−∆=∆  (3.6) 
Where , and represent the enthalpy of mixing of enantiomers in the 
solid state, in the liquid state and entropy of mixing of enantiomers in the liquid state. 
From Equation 3.6, we can calculate the entropy of mixing of enantiomers in the liquid 
state from the enthalpies of fusion and melting temperatures, as measured by 
differential scanning calorimetry (DSC) experiments. The entropy of mixing of liquid 
enantiomers in the ideal state are obtained when the enantiomeric molecules are 
randomly mixed in the liquid state (Jacques and Collet, 1981): 
m
sH∆ mlH∆ mlS∆
)/(38.12ln KmolcalRS ml ⋅==∆  (3.7) 
 The average entropy of mixing of enantiomers in the liquid state was given for 
a number of racemic conglomerates to be 14.033.1 ± )/( Kmolcal ⋅  (Jacques and 
Collet, 1981). This indicates an easy way of calculating the entropy of mixing of 
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3.2.3 Differential Scanning Calorimetry, Powder X-ray Diffraction Pattern 
(PXRD), Fourier Transform Infrared Spectroscopy (FTIR) and 13C Solid 
State Nuclear Magnetic Resonance Spectroscopy (SSNMR) 
Enthalpies of fusion, melting points of pure enantiomer and racemate ClPN ⋅  
were determined using a NETZSCH 200 differential scanning calorimetry. The sample 
was scanned from 30 ºC to 215 ºC at the rate of 10 ºC/min under nitrogen atmosphere. 
The samples were cooled to room temperature and reweighed. No weight loss was 
detected, indicating that the volatility of propranolol hydrochloride was not a problem 
in the temperature range of DSC experiment.  The DSC curves were recorded and 
analyzed using the DSC 200 software.  
Experimental PXRD patterns of both the racemate and (S)- enantiomer of 
, were determined at room temperature using a powder diffractometer 
(Shimadzu XRD-6000) with Cu-Kα radiation at 30 mA, 40 kV. The sample was 
packed into an aluminum holder and scanned with diffraction angle 2θ increasing from 
5° to 70°, with a step size of 0.02
ClPN ⋅
o/min and counting time of 0.60 s per step.  
FTIR spectra of (R, S)- ClPN ⋅  and (S)- ClPN ⋅  were obtained in the range of 
500 - 4,000 cm-1 with a BIO-RAD FTS 135 FT-IR spectrometer using the KBr disk 
method. The scans were performed at 4 cm-1 resolution, and the number of scans is 16. 
13C SSNMR spectra were acquired at 100.613 MHz using a CPMAS DRX400 
spectrometer. Spinning speeds were 8-10 kHz. 
3.2.4 Solubility and Metastable Zone Width of (R, S)- Propranolol 
Hydrochloride in the Mixed Solvent of Methanol and Acetone  
 The selection of the suitable solvent for a given crystallization operation is 
crucial. Many factors must be considered. The solute to be crystallized should be 
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readily soluble in the solvent. It should also be easily deposited from the solution in the 
desired crystalline form after cooling, evaporation or salting-out with an additive. A 
mixture of two or more solvents is sometimes found to possess the best properties for a 
particular crystallization purpose (Mullin, 2001). In this study, a mixture of methanol 
and acetone was used as the solvent. A given amount of (R, S)-  was dissolved 
in 18.65 cm
ClPN ⋅
3 of methanol and acetone in a volumetric ratio of 1: 4.11. After vigorously 
stirring the solution at the given temperature for at least 8 hours, an appropriate portion 
of the solution was pipetted from the mixture, avoiding contamination of the solid, and 
the refractive index was measured at the same temperature. When the refractive index 
of the solution showed a constant value, the solid ClPN ⋅  were filtered, thoroughly 
dried and weighed, and the dissolved solid can be deduced. The solubility of 
racemate in the mixed solvent of methanol and acetone was then calculated. ClPN ⋅
 To determine the supersolubility of ClPN ⋅ in the same solvent, the transparent 
saturated solution of  at a given temperature TClPN ⋅ 0 was cooled slowly at the rate of 
0.05 °C /min. When the solution started to be turbid, the temperature T was the 
supersolubility temperature and the metastable zone width was calculated as  
TTT −=∆ 0  (3.8) 
3.2.5 Ternary Solubility Phase Diagram 
The solubility of (S)- ClPN ⋅  was measured in the same way as described for 
(R, S)- . The solubilities of (R, S)-ClPN ⋅ ClPN ⋅  and (S)-  at 20 °C is 2.69 
g/100 cm
ClPN ⋅
3 solvent and 1.30 g/100 cm3 solvent respectively; the specific density of the 
mixed solvent is 0.791 g/ cm3, so the weight percent of (R, S)-  and (S)- 
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 In preparation of the ternary solubility diagram, accurately weighed mixtures of 
(R, S)-  and (S)- were dissolved in certain volume of the mixed solvent 
and the solubility of  was determined in the similar way presented above. After 
the refractive index of the solution showed a constant value (equilibrium was attained), 
the saturated mother liquor was pipetted carefully from the solid-liquid mixture, 
avoiding contamination with any solid. The concentration and composition of the 
mother liquor can be analyzed by high performance liquid chromatography: the 
concentration (solubility of 
ClPN ⋅ ClPN ⋅
ClPN ⋅
ClPN ⋅ ) was determined from the total areas (or peak 
height) of the two peaks in the chromatogram based on a calibration curve prepared 
previously from known concentration solutions, the composition of each enantiomer 
was obtained from the area (or height) ratio of the two peaks. Alternately, the amounts 
of (S)- and (R)-  in the solution could be calculated based on the solubility of 
 and the specific rotation of the solid 
ClPN ⋅
ClPN ⋅ ClPN ⋅ , provided a polarimeter is 
available. 
3.3 Results and Discussion 
3.3.1 Enthalpy, Entropy and Free Energy of Formation of Propranolol 
Hydrochloride 
Assuming the nature of the racemic species of propranolol hydrochloride is 
unknown, the thermodynamic properties of enthalpy, entropy and free energy of 
formation of racemic compound of (R, S)- ClPN ⋅  were calculated and the entropy of 
mixing of (R)- and (S)-  in the liquid state were determined for the formation of 
racemic conglomerate. 
ClPN ⋅
When , it is suggested that the formation of racemic compounds is 
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is no driving force for the formation of a racemic compound and the racemic species is 
likely to remain as a racemic conglomerate. The calculated values for the majority 
of racemic compounds are negative, which may serve as an indicator for identifying 
racemic compounds. Besides, the difference in enthalpy of fusion, 
0G∆
fH∆∆  (defined as 






fH∆∆ may be a more reliable indicator for the formation of a racemic 
compound.  
  On the other hand, if fT∆ approaches –30 K, the racemic species is likely to be 
a racemic conglomerate, such as Pseudoephedrine⋅HS, methylephedrine, 
bevantolol⋅HCl and 4-hydroxy-2-pyrrolidone (Li, 1999). Although this observation is 
not conclusive for all compounds (as indicated before that the melting point phase 
diagram is not an adequate criterion for identifying the nature of the racemic species), 
for example,  is a racemic compound even though it has HClephedrine ⋅ fT∆  of –
28.3K (Li, 1999), large differences in the melting points ( fT∆ approaching –30 K) 
between the homochiral and racemic species have been widely utilized to examine the 
nature of chiral drugs due to its easy application. In addition, the entropy of mixing of 
(R)- and (S)-  in the liquid state was calculated according to Equation 3.6 and 
the result was compared to the ideal value of 
ClPN ⋅
)/(38.1 Kmolcal ⋅ for formation of 
racemic conglomerates. 
 Experimental results of thermal analysis by DSC were given in Table 3.1. All 
data were measured in triplicate, and the standard deviation was less than . 
Representative DSC scans of various samples of 
%5.2±
ClPN ⋅  are given in Figure 3.2. Both  






































Table 3.1 Physicochemical Properties of Propranolol Hydrochloride 
)( C
T fR
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H fA∆  
)/( molkcal
H f∆∆
167.2 197.9 -30.7 8.438 7.829 0.609 
 
For , , from Equation 3.3b, 3.4b, 3.5b and 3.6 thermodynamic 
properties were obtained in Table 3.2. 
ClPN ⋅ fRfA TT >
 






















PN⋅Cl -2.961 -2.513 -0.096 1.205 
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 From the results in Table 3.1 and 3.2, fT∆  and  was –30.7 K and 1.205 
respectively, which suggest that racemic species of propranolol 





fH∆∆  implies the formation of racemic compound of propranolol hydrochloride.  
Thus characterization of chiral species of propranolol hydrochloride by merely 
calculating thermodynamic properties meets limitations (e.g., inconsistent results of 
racemic compound or conglomerate may be deduced) and further structural studies 
including powder X-ray diffraction patterns, infrared and solid-state nuclear magnetic 
resonance spectroscopy are needed.  
3.3.2 X-ray Diffraction (XRD), FTIR Spectra and 13C SSNMR Spectra 
 All properties of chiral substances which do not depend on chirality are 
identical for enantiomers and racemate such as densities, specific heats and refractive 
indexes, etc. It has been indicated that definitive identification of the structural 
differences between a racemic compound and its corresponding enantiomers usually 
comes from powder X-ray diffraction patterns, or from spectroscopic techniques such 
as infrared spectroscopy and nuclear magnetic resonance spectroscopy. In our 
experiment, comparison of powder X-ray diffraction patterns, infrared spectra and 
nuclear magnetic resonance spectra of racemate and enantiomer of  in the 
crystal state were used to investigate their structural difference. The Figures were 
shown in Figure 3.3, 3.4 and 3.5.  
ClPN ⋅
 It was found from Figure 3.3 that most of the peak positions in the XRD 
patterns differed significantly between S- ClPN ⋅  and (R, S)- . The X-ray 
diffraction pattern of S- 
ClPN ⋅
ClPN ⋅ is distinguished by sharp, narrow diffraction peaks 
especially at 7°, 14.2° and 43.6°, which are characteristics of a well-organized 
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crystalline compound. The decreased intensity and general broadening of peaks in the 
diffraction patterns of (R, S)- ClPN ⋅ indicates that the racemic mixture of two 
enantiomers with opposite chirality is less well organized and the position of its lattice 






















Figure 3.3 Power X-ray Diffractions of (S)- and (R, S)- Propranolol Hydrochloride  
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Figure 3.4 Infrared spectra
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markedly different. Both peak positions and their shapes are different. The result 
indicated the structural difference between the homochiral and heterochiral crystals of 
propranolol hydrochloride. 
 From the structural studies of enantiomer and racemate propranolol 
hydrochloride by X-ray diffraction patterns, infrared spectra and 13C SS-NMR spectra, 
it is believed that the racemic mixture of propranolol hydrochloride belongs to racemic 
compound. 
3.3.3 Solubility and Metastable Zone Width of Racemic Propranolol 
Hydrochloride in the Mixed Solvent of Methanol and Acetone  
 The solubility and supersolubility of (R, S)- ClPN ⋅ in the mixture of methanol 
and acetone were shown in Figure 3.6. It was found that both the solubility and 
supersolubility of (R, S)- ClPN ⋅ increased appropriately with temperature and the 
metastable zone width was approximately 15 °C across the experimental temperature 
range. This result suggests the feasibility of decreasing temperature to generate 
supersaturated solution for crystallization operation. 
3.3.4 The Ternary Phase Diagram 
 It has been indicated that examination of melting temperatures alone, e.g. 
approaching to –30 K fT∆ , may not be adequate to identify the nature of racemic 
species in some cases. The racemic structure at melting point is not necessarily the 
same as that at room temperature because of possible transformation of racemic 
structure. Ternary solubility diagram of (R)-, (S)- ClPN ⋅ and mixed solvent of 
methanol and acetone is shown in Figure 3.7. It was found that the ternary phase 
diagram of (S) - and (R) - enantiomers of propranolol hydrochloride in the 
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Figure 3.5 13C SS-NMR Spectra of (S)-PN Cl and (R, S)-PN Cl  
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Figure 3.6 Solubility and metastable zone of racemate propranolol hydrochloride












presence of the mixed solvent has the same form as that in the binary melting phase 
diagram (Steven, 1993). 
 The ternary phase diagram in Figure 3.7 is a simple eutectic system consisting 
of two single saturation curves (AC and AB) and two crystallization compartments, 
ACS and ABR. Pure enantiomeric product of propranolol hydrochloride may be 










































Figure 3.7 Ternary solubility phase
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 Thermodynamic calculations, structural studies using powder X-ray diffraction, 
infrared spectroscopy and 13C solid-state NMR spectroscopy as well as solubility 
studies in a mixed solvent of methanol and acetone were performed for propranolol 
hydrochloride. The enthalpy, entropy and Gibbs free energy of formation of racemic 
compound of propranolol hydrochloride and the entropy of mixing of the (R)-, (S)- 
enantiomers in the liquid state for conglomerate of propranolol hydrochloride were 
calculated. Inconsistent results may be deduced from the thermodynamic properties of 
fT∆ , and , mlS∆ 0G∆ fH∆∆ . Furthermore, noticeable differences were found in 
powder X-ray diffraction patterns, infrared spectra and solid-state NMR spectra of (S)- 
and (R, S)- propranolol hydrochloride suggesting racemic compound nature of 
propranolol hydrochloride. The solubility and metastable zone width of (R, S)- 
propranolol hydrochloride in the mixed solvent of methanol and acetone in a 
volumetric ratio of 1:4.11 were determined experimentally at different temperatures. 
Finally, the ternary solubility phase diagram of (R)-, (S)- propranolol hydrochloride 
and the above solvent mixture was constructed at 20 °C. The diagram can be used as a 
guideline for choosing crystallization operation conditions to produce pure enantiomers 
of propranolol hydrochloride. It is shown in this chapter that combination of different 
techniques such as thermodynamic calculations, structural studies as well as ternary 
solubility diagram may be a powerful tool to identify the nature of racemic species.  
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Chapter 4  
Preparation of Perphenylcarbamoylated β-Cyclodextrin  
Based Stationary Phase 
4.1. Introduction 
 In chapter 3, characterizing the different types of racemic mixtures by 
combination of different techniques such as thermodynamic calculations, structural 
studies as well as ternary solubility diagram was presented in an attempt to predict and 
choose the suitable resolution method. It is well known that direct crystallization is 
straightforward for enantioseparation in both laboratory and industrial applications. 
However, this method can only be applied to racemic conglomerates and is not suitable 
for racemic compounds that account for the vast majority of racemic species. Although 
it is possible to purify partially resolved racemic compounds (which depart from 1:1 
ratio) by direct crystallization method, one can not obtain the partially resolved 
racemate by this method itself if the compound belongs to racemic compounds and 
have to use other separation techniques such as crystallization of diastereomers. 
Although commonly used, crystallization of diastereomers is not very suitable for 
large-scale and automatic operations. One of the main reasons is that a large number of 
recrystallization steps are often needed to yield a diastereomer of acceptable purity. 
The product obtained usually contains a small amount of the opposite enantiomer and 
has to be further recrystallized to improve the optical purity. The second enantiomer, 
which must be obtained from the mother liquor fractions from the initial 
recrystallizations, is seldom obtained in the same yield as the first. Thus there is also a 
loss of valuable material in the classical resolution process.  
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 In contrast, the advantages of chromatographic processes for preparative and 
large-scale direct separation of enantiomers is obvious. When the chiral stationary 
phase used is completely immobilized onto the support materials, which is often the 
case, no loss of valuable optically active materials can occur. In addition, the optical 
purity of the material used as a stationary phase is not critical as it only affects the 
separation factors obtained (whereas for crystallization of diastereomers, high optical 
purity of resolving agent is required). If the chromatographic peaks are fully resolved, 
both enantiomers can be quantitatively obtained at 100% purity. Furthermore, the 
operation can be easily automated in a continuous way, which is highly desirable in 
industrial process. All these make chromatographic method using chiral stationary 
phase a very attractive method for preparative separation of chiral compounds. Due to 
the fact that application of direct crystallization is very restricted in the area of chiral 
separation, liquid chromatography has been applied extensively as both analytical and 
preparative-scale separation tools for chiral separation, especially owing to the 
availability of highly selective chiral stationary phases. Given the suitable 
chromatographic system (mobile phase, stationary phase and sample), it is also 
possible to separate more than one chiral center racemic compounds by 
chromatographic method.  
 Nowadays β-Cyclodextrin (β-CD) is one of the most widely used saccharides 
to produce chiral stationary phases. They are cyclic oligosaccharides composed of 
seven D-α-glucose units (as shown in Figure 4.1) connected by α-(1, 4)-glycosidic 
linkages. Differed from β-Cyclodextrins, it is interested to note that amylose and 
cellulose are polysaccharides, which comprise of several thousands glucose units 
joined by α-(1, 4)-glycosidic and β-(1, 4)-glycosidic linkages respectively. 
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β-Cyclodextrins has a homogeneous, toroidal structure with two openings of different 










Figure 4.1 Molecular structure of D-α-glucose units 
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 The toroidal structure of the β-cyclodextrin molecules makes them a suitable 
candidate for a cavity-type CSP. The polar hydroxyl groups of the glucose units (2, 3 
and 6 position) are lined around the openings of the cavity. Among them, the 
secondary 2- and 3-hydroxyl groups are lined around the larger opening while the 
primary 6-hydroxyl groups are lined around the smaller opening at the opposite side of 
the toroid. This structure gives the surface a hydrophilic character. The cavity is 
therefore hydrophobic since it is composed of the apolar glucoside oxygen and methyl 
hydrogen atoms. As a consequence, the ability of β-CD to form inclusion complexes in 
aqueous solution derives from its cavity, the interior of which is less polar than water.  
 β-Cyclodextrin-based CSPs can be used in normal phase mode, polar organic 
phase mode as well as in reversed phase mode. In the first mode the apolar ingredients 
(e.g. hexane, 2-propanol) of the mobile phase may occupy the cavity and the solutes 
mainly interact with the hydroxyl groups on the outside. In the latter two modes the 
components of the mobile phase are polar and the enantiomer separation is believed to 
base on the formation of inclusion complexes inside the cavity of the cyclodextrin. 
Since the cavity is hydrophobic, the solute molecule has to contain at least one apolar 
group (e.g. an aromatic ring) that fits into the cavity. The binding strength of the 
inclusion complex depends on the size of the hydrophobic group which should have 
approximately the same size and geometry as the cavity opening. A tight CD complex 
enhances chiral recognition in many cases. The separation is also improved if the 
solute has polar groups which can form hydrogen bonds with the hydroxyl groups at 
the opening of the cavity. 
 Besides native β-cyclodextrin, derivatized β-cyclodextrin may also be 
chemically bonded to the surface of porous silica gel particles which are used as 
support material. In these cases, substitution of hydroxyl groups in β-cyclodextrin 
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molecules by various functional groups may change the properties of β-cyclodextrin to 
affect the enantioselectivity of CSPs.  
 Native and derivatized β-cyclodextrin-based stationary phases have been used 
successfully for the enantiomeric separation of a wide variety of positional, structural 
and optical isomers (Armstrong et al., 1984, 1986, 1990; Paleologou et al., 1990; 
Piperaki and ParissiPoulou, 1996). Several review articles summarizing the application 
of β-cyclodextrin in chromatographic separations have been published (Li and Purdy, 
1992; Fanali, 2000; Mosinger et al., 2001). As mentioned early, the unique property of 
β-cyclodextrin is its “bifunctional” nature, which arises from its highly defined 
geometry, i.e. the cavity is relatively hydrophobic while the exterior faces are 
hydrophilic (Li and Purdy, 1992). Most of CD-CSPs have been prepared by bonding 
native CDs to supports such as silica gel before the modification of the CDs, i.e., most 
of their synthetic procedures are based on post-immobilization derivatisation of CD 
molecules and thus involves heterogeneous solid-liquid reactions. In those cases, 
complete functionalisation of CD-moieties are not readily accomplished which may 
result in poor batch-to-batch reproducibility (Armstrong et al., 1990; Hargitai et al., 
1993). Accordingly, attentions must be paid to preparation of pre-immobilized β-CD-
CSPs and novel and facile methodologies for the preparation of two series of β-CD-
based CSPs by immobilization of mono or heptakis(6-azido-6-deoxy)-
perfunctionalized-β-CD on amino-functionalized silica gel via a single stable urea 
linkage have been reported by our group (Zhang, et al., 1999 a, 1999b).   
 In this study, heptakis(6-azido-6-deoxy-2,3-di-O-phenylcarbamoylated)-β-CD 
bonded silica gel prepared by using phenylcarbamate group as the derivative group is 
used as the CSP. The structure of the CSP material is shown in Figure 4.5.  In the 
derivatized β-CD, all 2- and 3- secondary hydroxyl groups are substituted by the 
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phenylcarbamate groups and seven primary hydroxyl groups are replaced by the azido 
groups which link the β-CD derivative to silica gel. This CSP was prepared with a pre-
derived procedure. Perfunctionalised β-cyclodextrins were first synthesized, purified 
and characterized and then chemically anchored on the surface of aminized silica gel 
via the hydrolytically stable multiple urea linkage. As the derived CSP possesses high 
hydrophobicity, together with multiple urea bonds which are more stable particularly 
in acidic media, this CSP is expected to have good stability particularly when used in 
mobile phases with high aqueous content. In addition, the synthesis procedure afforded 
easily controllable batch-batch reproducibility. These provide significant advantages 
for enantioseparation in a counter-current mode (i.e., when employing the simulated 
moving bed technique) because relatively large amounts of CSPs with good 
reproducibility are required and mobile phase with less toxic and flammable properties 
(e.g., in reversed phase) are preferable although additional effects of removing the 
buffer salt after separation are needed. 
 Besides good reproducibility, the novel perphenylcarbamoylated-β-CD 
immobilized CSP also has good stability and can be used in various mobile phase 
systems (Zhang et al., 1999b). This CSP also shows different enantioseparation ability 
of chiral compounds due to the derivative (phenylcarbamate) group compared with 
those of native β-CD CSPs.  
4.2. Syntheses 
4.2.1. General Overview 
 The general synthetic scheme of the preparation of the perfunctionalised-β-
cyclodextrin is described as following: the heptakis-iodinated β-cyclodextrin reacted 
with sodium azide to give the heptakis-azido-β-CD (Figure 4.3) followed by treating 
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with phenyl isocyanate to afford the heptakis(6-azido-6-deoxy-2,3-di-O-
phenylcarbamoylated)-β-cyclodextrin (Figure 4.4). The active azido groups may 
undergo the reaction with amino-functionalised silica gel to complete the 
immobilization or condensation with each other to form the stable urea linkages. The 
resultant CSP will be expected as an immobilization of a polymer with cross-linking 




Reagents and conditions: 
i. I2, / PPh3, / DMF / N2, 90-95°C, 20hrs 
ii. NaN3 / DMF / N2, 90-95°C, 20hrs 
 
Figure 4.3 Synthesis routines to 7AZIDOCD 
 
 To obtain the heptakis(6-azido-6-deoxy)-β-cyclodextrin, a good leaving group 
should be applied and followed by the nucleophilic replacement reaction by azide 
group. Procedures involving the preparation of Vilsmeier-Haack reagent 
[(CH3)2NCHBr]+Br− which reacted with unprotected CD have been used (Gorin et al., 
1996; Hepburn and Hudson, 1976). However, as a leaving group, Br is not so good to 
be substituted efficiently under mild condition.  
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 We therefore applied the iodine to prepare the heptakis(6-iodo-6-deoxy)-β-
cyclodextrin under the help of PPh3. As a relatively good protecting and leaving group, 




Reagents and conditions: 
iii. Phenyl isocyanate / pyridine, 95°C, 20hrs 
  
Figure 4.4 Synthesis routines to 7PPHCD 
 
 
 The free 2-, 3- hydroxyl groups will be fully functionalised by the phenyl 
isocyanate. After the purification, the functionalised β-CD will be further cross-linkly 
immobilized onto the surface of silica gel.  
4.2.2. Syntheses Procedures 
4.2.2.1 Preparation of heptakis(6-iodo-6-deoxy)-β-cyclodextrin (Briefly, 
7IODOCD) 4.1 
 Iodine (48.1g, 0.19mol) and triphenylphosphine (50.0g, 0.19mol) were mixed 
in dried DMF (ca. 300ml) and stirred for 5 mins, followed by adding the solution of 
vacuumly dried β-CD (8.84g, 7.79 mmol) in dried DMF (ca 80ml). The reaction 
mixture was stirred for 20 hours at 90-95°C under nitrogen atmosphere and was 
concentrated under reduced pressure later. Then the reaction flask was cooled with an 
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ice-bath and 3.5M sodium methanoate (100ml) was added to the mixture to adjust the 
pH of the reaction mixture at 9-10. After filtration, the brown orange precipitate was 






Reagents and conditions: 
iv.    PPh3 / THF, CO2, 25°C, 24hrs 
 











4.2.2.2 Preparation of heptakis(6-azido-6-deoxy)-β-cyclodextrin (Briefly, 
7AZIDOCD) 4.2  
 7IODOCD 4.1 (13.0g, 6.82 mmol) was dissolved in dried DMF (200ml) 
followed by adding sodium azide (15.52g, 0.28mol, 5 equiv. per iodide atom) and 
stirred at 950C overnight under nitrogen atmosphere. The reaction mixture was 
concentrated under reduced pressure and washed with ultra pure water. After filtration, 
the residue was washed with water, yielding light brown solid 4.2 (7.35g, 82%)  
 
4.2.2.3 Preparation of heptakis(6-azido-6-deoxy-2,3-di-O-phenylcarbamoylated)-
β-cyclodextrin (Briefly, 7PPHCD) 4.3 
 Vacuumly dried 4.2 (2.0g, 1.50mol) dissolved in dried pyridine (30ml) and 
phenyl isocyanate (10ml) was added. The reaction mixture was stirred for 20 hours at 
90°C under a nitrogen atmosphere. After removal of pyridine and unreacted phenyl 
isocyanate under reduced pressure, the residue was dissolved in dried ethyl acetate 
(100ml). The solution was washed with water (3×50ml). The organic layer was 
combined and dried with anhydrous magnesium sulphate. The solution was filtered, 
concentrated and the resulting yellowish residue was purified by column 
chromatography over silica gel using n-hexane/chloroform (1:4) as eluent, yielding 
light yellow powder, 4.3 (3.06g) 
 
4.2.2.4 Preparation of heptakis(6-azido-6-deoxy-2,3-di-O-phenylcarbamoylated)-
β-cyclodextrin 4.3 crosslinkly immobilized silica gel (Briefly, 7N3PPHCD) 
4.4 
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 10g of amino-functionalised silica gel was stirred in 75ml of anhydrous THF 
with a continuous stream of CO2 gas passed through. After 20 minutes, 3.0g of 
7PPHCD in 25ml anhydrous THF was added. After constant stirring for 5 minutes, 
5.0g of triphenylphosphine in 50ml of anhydrous THF was added. The mixture was 
stirred for 3 hours with constant bubbling of CO2 at room temperature. The reaction 
mixture was then transferred to a Soxhlet extraction apparatus and extracted with 
acetone for 24 hrs. After the removal of the acetone in vacuum, the 
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Chapter 5  
Liquid Chromatographic Retention Behaviour and Enantiomeric 
Separation of β-Blocker Drug (Nadolol)  
5.1. Introduction 
 β-blocker drugs have been successfully resolved on both native (Armstrong et 
al., 1992) and derivative β-cyclodextrin bonded chiral stationary phase (Chen et al., 
2002; Ng, et al., 2002). In particular, many β-blockers such as propranolol, alprenolol, 
isoproterenol, acetutolol, pindolol and metroprolol have been separated successfully in 
our perphenyl carbamoylated β-CD CSP, with resolutions ranging from 1.2 to 3.9. 
Enantioseparation of β-blocker drugs with more than one chiral centres have become 
more challenging due to the difficulty of separation. Furthermore, separation of binary 
mixtures (e.g., racemic drugs with one chiral centre) by continuous process (i.e., SMB) 
is almost well established, while less attention is paid to the separation of multi-
component racemic mixtures using SMB technique. Based on these considerations, a 
three chiral centre β-blocker drug, nadolol, was selected as the target compound for the 
study of chromatographic separation of β-blocker drugs.  
 As introduced in Chapter 1, nadolol is marketed as an equal mixture of its four 
stereoisomers. For a safer and more effective use, it is better to separate the enantiomer 
(RSR)-nadolol before use. To date, all the efforts of enantioseparation of nadolol were 
performed in an analytical scale (Aboul-Enein and Al-Duraibi, 1998; Lee et al., 1991; 
Armstrong et al., 1992). Our motivation in undertaking this work was to separate the 
most potent (RSR)-nadolol in a continuous mode, which can be operated either in 
linear range or non-linear range of the isotherm, by employing both 5-zone and 4-zone 
SMB for separation of multi-component nadolol. It will thus be helpful to study the 
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liquid chromatographic retention behaviour and enantiomeric resolution of 
stereoisomers of nadolol with respect to the mobile phase composition, flow rate, pH, 
ionic strength and temperature. By variation of these parameters, the optimum 
chromatographic condition for the isocratic enantiomeric separation in the novel β-CD 
CSP could be found. This chapter forms the basis to achieve enantiomeric separation 
of nadolol in a preparative column, i.e., in chapter 6, the overall mass transfer 
coefficients as well as equilibrium constants for the chromatographic enantiomeric 
separation of nadolol on a column packed with this novel CSP will be evaluated on the 
optimum mobile phase condition. 
5.2. Materials and Methods 
5.2.1 Materials 
 
 HPLC-grade methanol was obtained from Fisher Scientific (Leics, UK). Glacial 
acetic acid and triethylamine were obtained from Merck (Schuchardt, Germany). 
HPLC water was made in the laboratory using a Millipore ultra-pure water system. 
1,3,5 Tri-tert-butyl benzene (TTBB) was purchased from Aldrich (USA). The racemate 
mixture of nadolol was purchased from Sigma (St. Louis, MO, USA). All purchased 
products are used without further purification. 
5.2.2 Apparatus and chromatographic conditions 
 
 The experiments were carried out with a Shimadzu SCL-10AVP 
chromatographic system (Kyoto, Japan). The system consists of two LC-10ATvp 
pumps (A and B), an online degasser DGU-14A, a SIL-I0ADvp auto-injector and a 
SPD-10Avp UV¯Vis detector. The software CLASS-VP 5.032 was used to control the 
system and record the detector signals. The column (250 mm ×4.6 mm ID) was packed 
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with 5µm spherical silica gel on which perphenyl carbamoylated β-CD was covalently 
bonded.  
 All experiments were carried out in the reversed phase mode. The mobile phase 
used was a binary mixture of methanol and buffer solution in different ratios by 
volumes. Buffer solutions were prepared using triethylamine (TEA) water solutions of 
different ionic strength (0.5-2 %, w/v), which were adjusted by addition of glacial 
acetic acid to the desired pH (e.g., 4.0-6.5). Methanol and buffer solution were 
delivered by two different pumps and were mixed thoroughly in a low dead volume 
mixer after the pumps. pH readings were obtained using an inoLab pH meter (Level 
L). Generally, the experiments were conducted at room temperature about 24°C. For 
investigation of the effect of temperature on enantiomeric separation of nadolol, 
column temperature was thermostated by a water bath, which was controlled by a 
Polyscience heating-cooling circulator system (Germany). The column was allowed to 
equilibrate at each temperature for 2 hours before the injection of samples. TTBB, 
dissolved in methanol, was used as column void volume indictor (to determine solute 
separation factor). Racemate nadolol was dissolved in the mobile phase consisting of 
methanol and buffer solution. All samples were first degassed in a model LC 60H 
ultrasonic bath before 10 µl of which were injected (Racemate nadolol was dissolved 
in the mobile phase at a concentration of 30 µg/µl). Column effluents were detected by 
the UV detector with wavelength set at 220 nm and 280 nm for TTBB and nadolol 
respectively. All reported data were performed in triplicate to evaluate the 
reproducibility. 
 As the synthesis procedure reported in chapter 4, heptakis (6-azido-6-deoxy-2, 
3-di-O-phenylcarbamolyted) β-cyclodextrin, also referred to as perphenyl 
carbamoylated β-CD in brevity, was immobilized onto aminized porous spherical 5µm 
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silica gel (Nucleosil 300-5 with 300 Å pore size and 0.8 ml/g pore volume. Surface 
area (BET) is 100 m2/g.). The obtained chiral stationary phase material, perphenyl 
carbamoylated β-CD, was packed in a column (250 mm x 4.6 mm I.D.) by slurry 
packing method (using Alltech pneumatic HPLC pump, USA).  
5.3. Results and Discussion 
5.3.1 Elution order of the enantiomers of nadolol 
 
 To identify the peaks in a chromatogram, pure enantiomers usually are 
collected by a fraction collector, after that the solvents are evaporated using vacuum 
evaporator and then the enantiomers are dissolved in a suitable solvent. The optical 
rotations of the isomers can be detected by a polarimeter and the specific optical 
rotations are utilized to compare with literature data to identify the different peaks of 
enantiomers. For nadolol, since the four stereoisomers, namely (SRS)-, (SSR)-, (RRS)- 
and (RSR)-nadolol were kindly provided by the research chemical distribution center of 
Bristol-Myers Squibb Company (Princeton, NJ, USA), they were injected into the 
column under the same chromatographic conditions as for racemic nadolol to establish 
the elution orders. It was found that one member of each enantiomeric pair ((SRS)-
nadolol and (SSR)-nadolol) had the same retention time in this CSP so that they eluted 
together and overlapped in the first peak of the chromatogram (which had twice the 
area of the other two); while (RRS)-nadolol and (RSR)-nadolol were the second and 
third eluted components respectively. 
5.3.2 Effects of Mobile Phase Composition 
 
 In reversed-phase HPLC using an aqueous-organic mobile phase, small amount 
of additives (usually a buffer) are usually used to control the ionisation of the solutes. 
In this study, the mobile phase is an aqueous buffer solution of triethylamine acetate 
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(TEAA) containing methanol as organic modifier. The effect of mobile phase’s 
composition on the retention time and resolution of the enantiomeric separation were 
investigated by changing the methanol-buffer ratio from 10:90 to 30:70 at room 
temperature. The triethylamine acetate concentration in the buffer solution was 1% 
(w/v) and pH was 4.0 in this set of experiments. The mobile phase flow rate was fixed 
at 0.3ml/min.  
 Previous studies which examined chromatographic separation of various 
substances on β-CD, using different organic modifiers in mobile phases with the same 
polarity indices, demonstrated that the highest resolution was achieved by using 
methanol as organic modifier (Piperaki et al., 1994; Piperaki and ParissiPoulou, 1993). 
This can be rationalized in solvent selectivity, which primarily refers to the ability of a 
solvent to exhibit specific solute interactions that another solvent of approximately 
similar strength or polarity does not have. While polarity describes the gross solvent 
strength, selectivity describes the fine structure of strength, the profile of polarity sub-
parameters (Bakalyar et al., 1977). It was also suggested that the hydrophobic of the 
organic modifier is one of the dominant factors with respect to solvent selectivity in 
inclusion process phenomena (Piperaki et al., 1994). The competition between solutes 
and the organic modifier for the same retention site is one of the important factors 
which controls the retention, and this depends on the relative hydrophobicity of the 
solvent and the solute. Obviously, as the hydrophobicity of the organic modifier 
increases its affinity for the β-CD cavity also increase. Since methanol is less 
hydrophobic compared with other frequently used solvents such as acetonitrile and 
ethanol, it was used as the organic modifier in this study. 
 The retention times of all three components of nadolol decreased almost 
linearly with increasing methanol composition in the mobile phase, as shown in Figure 
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5.1 (a). However, their retention times were not changed to the same extent as the 
composition of methanol decreased. The slope of the fitted lines of retention times for 
the first, second and third peaks have the value of –0.50, -0.58 and -0.95, respectively. 
As the composition of the organic modifier in the mobile phase is changed, the solvent 
system will undergo structural differences. These demonstrate that the stability of the 
complexes, formed between stereoisomers of nadolol and β-CD molecules, is reduced 
as increasing methanol fraction in the mobile phase. At higher methanol fractions, 
methanol molecules appear more easily to be included in the β-CD cavities of the 
stationary phase and by competing with nadolol for inclusion in the β-CD cavities, the 
hydrophobic interaction between the solute and the adsorbent was weakened.  
 The dependence of the logarithm of capacity factor on the volume fraction of 
organic component in the mobile phase, oφ , was given by Snyder et al as:  
0loglog φSkk w −=  (5.1) 
where kw  is the retention factor obtained in water and S is the solvent strength. 
 By plotting klog  vs. methanol composition in the mobile phase for the three 
components of nadolol in Figure 5.1 (b), we found that the plots were quite linear, 
suggesting a reversed-phase mechanism for the interaction between stereoisomers of 
nadolol and the stationary phase for the inclusion complex mechanism (Paleologou et 
al., 1990).  
 In this study resolution is used to evaluate the enantiomeric separation, since it 
takes into account the difference between solute retention times as well as peak 
broadening, whereas separation factor only describes the separation of band centers. It 
was found that high resolutions were always achieved for peak pairs 1/3 and 2/3 of the 
chromatogram, whereas it is not the case for peak pair 1/2. The peak pair 1/2 was thus 
defined as critical peak in this study and their resolution was used to evaluate and 
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Figure 5.1 Effect of mobile phase composition on (a) the retention time of nadolol; 
(b) the logarithm of the capacity factor of nadolol; (c) the resolution of nadolol. 
 
 
compare the quality of the separation. The resolution was calculated based on the 






−⋅=  (5.2) 
where tR,i and W  is the retention timesi,5.0  and the widths at half peak height. These 
quantities can be obtained accurately even if the peaks are not baseline separated.  
 In Figure 5.1 (c), it was found that resolution of the critical peak increased 
significantly with the decreasing of methanol composition in the mobile phase until 20 
% methanol was reached, after which further decreasing of methanol concentration 
only slightly affect resolution. This could be explained that when methanol 
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concentration decreased, all three components had longer retention time on the CSP 
and thus had more time to enter the cavity in the cyclodextrin and interacted with it. 
Considering both the separation of nadolol and a reasonable retention time, 80:20 
buffer/methanol was chosen as the optimum mobile phase composition. 
5.3.3 Effects of pH 
 
 The influence of mobile phase pH on the enantiomeric separation of nadolol 
was investigated by increasing pH from 4.0 (subject to β-CD’s stability) to 6.5 at room 
temperature. The triethylamine acetate concentration in buffer was 1% (w/v) and flow 
rate was 0.3ml/min. The methanol composition in the mobile phase is 20%.  
 Figure 5.2 (a) shows that retention time increased with the increasing of pH. 
Nadolol has pKa value of 9.67 (Kolovanov, 1997). At lower pH, i.e., pH 4.0, nearly all 
the molecules exist as cationic form. With the increase of  concentrations in the 
mobile phase caused by the increase of pH, the ionization of nadolol decreased (i.e., 
when pH increased from 4 to 6, the ionised form decreased 100 times) although the 
percentages of molecules exist as cationic form still account for vast majority. This 
could enhance the hydrophobic interaction between the apolar segment of nadolol and 
the hydrophobic cavity of β-CD to make the inclusion complex more stable than the 
ionised compound. Thus by increasing the hydrophobic nature of nadolol in a higher 
pH mobile phase, more pronounced CD-complexes were formed result in the 
increasing of retention time. It seems that non-ionized species have higher stability 
constants than their charged equivalents in this perphenyl carbamoylated modified β-
CD column, as in the cases for native cyclodextrins (Connors , 1995). 
−OH
Retention of solutes on CSP could also be affected on the ion pair formation 
between the charged nitrogen group in nadolol molecules and the acetate anion in the 
mobile phase, the degree of which decreased with increasing pH, consequently, an 
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Figure 5.2 Effect of pH on  (a) the retention time of nadolol; 
(b) the resolution of nadolol. 
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 increasing in retention time was observed as the mobile phase pH increased. Thus the 
ion pair formation between charged nitrogen molecules of nadolol and acetate anion in 
buffer solution gives another possible explanation for the increasing of retention time 
at higher pH values.  
 By increasing pH, the individual enantiomers of nadolol become more retained 
on the CSP and the enantiomeric resolution increases with pH in the studied range of 
4.0 to 6.5 (e.g., see Figure 5.2 (b)). It is obvious in this study that resolution was 
strongly dependent on pH. Although the resolution was slightly higher at pH 6.0 than 
that at 5.5, the retention times were longer and baseline drift was always encountered 
at this pH. So the optimum pH was chosen as 5.5 in this study. 
5.3.4 Effects of Ionic Strength 
 
 The effect of ionic strength on the enantiomeric separation was investigated in 
the concentration range of 0.5-2.0% (w/v) of triethylamine acetate, the commonly used 
buffer concentration ranges in reversed phase. The buffer solutions were maintained at 
pH 5.5. The mobile phase flow rate is 0.3ml/min and methanol composition in the 
mobile phase is 20%. The experiments were conducted at room temperature. 
 As shown in Figure 5.3 (a), an initial decline in retention time was observed in 
the triethylamine acetate concentration of 0.5 % to 1.5 % followed by a plateau in the 
1.5 % to 2.5 % range. It implied that the ionic strength could likely affect enantiomers 
to enter into the cavities of β-cyclodextrin. The behaviour could be explained through 
the formation of triethylamine acetate ion pair within the hydrophobic cavity of β-
cyclodextrin, which is preferable due to the interactions between the hydrophobic 
cavity of CD and the hydrophobic segment of the ethyl moieties of the triethylamine 
cation. Due to the comparable size of the cyclodextrin cavity and the triethylamine 
cation, these interactions are likely to be of considerable magnitude (Paleologou et al., 
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1990). Upon a certain amount of triethylamine acetate in the buffer solution is reached, 
the competing inclusion of triethylamine acetate with solutes within CD cavities would 
probably do not have as significant effect as in the low concentration range of TEAA 
as its concentration increases. Another possible contribution to the decreasing of 
retention time is that triethylamine acetate molecules may interact with functionalised 
carbamate groups at the opening of the β-cyclodextrin by hydrogen bonding, thus 
blocking the entry of the enantiomers and make the formation of inclusion complex 
with the solute difficult (Ching et al., 2000).  
 In Figure 5.3 (b), we found that the resolution was decreased with increasing of 
the ionic strength from 0.5 % to 1.5 % followed by a plateau in the range of 1.5 % to 
2.5 %. The non-linear relationship between resolution and ionic strength implies that 
ionic strength could affect the interaction of the enantiomer molecules and β-
cyclodextrin to a different extent, e.g., the effect of blocking the entry of the individual 
enantiomers of nadolol into β-cyclodextrin cavities was different, so it would make the 
enantiomers have a larger difference of retention time. When the concentration of 
triethylamine was 1 %, the resolution was high enough and components had acceptable 
retention times, so 1 % concentration of triethylamine acetate was chosen. 
5.3.5 Effects of Flow Rate 
 
 The effect of flow rate on the retention and resolution of enantiomeric 
separation of nadolol was investigated by increasing the flow rate from 0.2 ml/min to 
0.6 ml/min at room temperature. The concentration of triethylamine acetate in the 
buffer solution is 1 % and pH is 5.0. Methanol composition in the mobile phase was 
maintained at 20 %. 
 It was found that the flow rate could strongly affect the retention and resolution 
of the individual enantiomers of nadolol: the retention time and resolution declined 
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Figure 5.3 Effect of ionic strength on (a) the retention time of nadolol; (b) on the 
resolution of nadolol. 
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 significantly with the increasing of flow rate (e.g., see Figure 5.4). At lower flow rate, 
the retention time is increased and the enantiomer molecules have more opportunity to 
interact with the cavity of β-cyclodextrin and thus it was profitable to increase the β-
CD column’s chiral discrimination ability. 
 When flow rate was 0.2 ml/min, the resolution of the critical peak reached the 
maximum. But the retention time was too long, so further attempts to decrease the flow 
rate were given up. 0.3 ml/min was chosen as the optimal flow rate in this study. 
5.3.6 Effects of Temperature 
 
 In general, the inclusion complex formation of solutes within CD cavities 
depends on the temperature. In this study, the effect of temperature on the retention 
and resolution of enantiomeric separation of nadolol were investigated in the 
temperature range of 15°C to 40°C. The concentration of triethylamine acetate in 
buffer solution was 1 % (w/v), pH is 5.5 and methanol composition in the mobile phase 
is 20 %. The mobile phase flow rate was 0.3ml/min.  
 As can be seen from Figure 5.5 (a), the retention time of all three components 
of nadolol decreased with increasing temperature. This is most probably due to the 
decrease in the binding constants of individual enantiomers of nadolol to the β- 
cyclodextrin with the increasing of temperature. In Figure 5.5 (b), it was found that the 
resolution decreased significantly with the increasing of temperature. However, 
separation factor decreased slightly by changing temperature. In this respect, the 
perphenyl carbamoylated β-CD bonded CSP appears to behave like other ordinary 
reversed phase column (Colin et al., 1978). The noticeable decreasing in resolution 
could be due to the enantiomeric molecules of nadolol do not have enough chances to 
interact with the stationary phase and thus retention time decrease as the temperature 
increases, because resolution is affected by separation factor as well as solute retention 
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Figure 5.4 Effect of flow rate on (a) the retention time of nadolol; 
(b) the resolution of nadolol. 
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Figure 5.5 Effect of temperature on (a) the retention time of nadolol; 
(b) the resolution of nadolol. 
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 factor. When column temperature was increased to 40°C, there was almost no 
resolution between the critical peaks. Previous studies also indicated that the binding 
constant of solutes to β-CD column decreases with increasing temperature and 
inclusion formation is effectively prevented for structurally related phenothiazine 
derivatives at a temperature higher than 60°C (Li and Purdy, 1991). It is obvious that 
the effect of column temperature is crucial for the full resolution of all three peaks of 
nadolol: at 20 °C, the critical peak was baseline separated while at room temperature 















Figure 5.6 Chromatogram of nadolol in the optimal chromatographic conditions 
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 The effect of temperature on solute retention is mainly determined by the 
enthalpy change of solute interaction with the stationary phase, which can be expressed 










Hk  (5.3) 
where 0H∆ and are the enthalpy and entropy change, respectively, of the transfer 
of the solute from the mobile phase to the stationary phases, T is absolute temperature, 
R is the gas constant (R=
0S∆
)/(315.8 KmolJ ⋅ ) and ε is bed voidage.  
 Figure 5.7 shows that plots of vs. reciprocal of the absolute temperature 
(known as the van’t Hoff plots) for all three components of nadolol are quite linear (the 
correlation coefficient r for all the fits were greater than 0.999), thus the enthalpy and 
entropy change of the bonding can be evaluated from the slope and intercept of the 
van’t Hoff plots, respectively. From the slope of van’t Hoff plots, enthalpy change of 
binding of component (SRS)- and (SSR)-nadolol,  (RRS)-nadolol and (RSR)-nadolol by 
the CSP is -24.27 kJ/mol, -29.23 kJ/mol and -35.00 kJ/mol, respectively. This indicates 
when the enantiomers of nadolol are removed from the mobile phase to the β-CD 
bonded stationary phase, the relatively weak nadolol-solvent and nadolol-TEAA 
interactions are replaced by strong nadolol-cyclodextrin specific interactions (through 
attractive hydrophobic, van der Waals, hydrogen bonding and dipole-dipole 
interactions between the interior of the cyclodextrin cavity and the portion of nadolol 
inside the cavity), inducing negative 
'ln k
0H∆ values. So it is energetically more 
favourable for the solute of nadolol to be included in the β-CD cavity and their transfer 
from the mobile phase to the stationary phase are enthalpically driven.  
 For calculation of entropy change, the bed voidage, ε, was needed. Its 
determination is explained in Chapter 6. From the intercept of van’t Hoff plots, entropy 
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change of binding to the CSP for component (SRS)- and (SSR)-nadolol,  (RRS)-nadolol 
and (RSR)-nadolol is -72.0 )/( KmolJ ⋅ , -87.55 )/( KmolJ ⋅  and –105.26 )/( KmolJ ⋅ , 
respectively. The strong specific interactions between the interior of the β-CD cavity 
and the solute of nadolol produce loss of freedom for the compounds in the inclusion 
complex, inducing the negative . 0S∆
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Figure 5.7 van't Hoff plot of nadolol in the temperature range of 15-40oC 
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5.4 Conclusion 
  In this study, liquid chromatographic retention behavior and resolution of 
enantiomeric separation of nadolol on a novel perphenyl carbamoylated β-CD bonded 
CSP was investigated with respect to the mobile phase composition, pH, ionic strength, 
flow rate and temperature. Although separation of four stereoisomers of nadolol was 
not achieved, a complete resolution of three components was obtained and the most 
active enantiomer (RSR)-nadolol was completely separated. At the optimal 
experimental conditions, which was TEAA buffer solution (1% w/v, 
pH=5.5)/methanol=80:20, flow rate 0.3ml/min and temperature of 20°C, the retention 
time of the three peaks, which are (SRS)- and (SSR)-nadolol,  (RRS)-nadolol and 
(RSR)-nadolol respectively, were 29.31 min, 34.23 min and 51.74 min, respectively 
and the resolution of the critical peaks is 1.85. Furthermore, enthalpy change of 
binding to the CSP for the three components of nadolol was determined to be -24.27 
kJ/mol, -29.23 kJ/mol and -35.00 kJ/mol, respectively and entropy change of binding 
was -72.0 , -87.55)/( KmolJ ⋅ )/( KmolJ ⋅  and –105.26 )/( KmolJ ⋅ , respectively at the 
optimal conditions. The optimal mobile phase conditions forms the basis to separate 
nadolol in a preparative scale in the future work. 
 83
Chapter 6. Kinetic and Equilibrium Study of the Enantioseparation of Nadolol 
 
Chapter 6  
Kinetic and Equilibrium Study of The  
Enantioseparation of Nadolol 
6.1. General background 
 In chapter 5, retention behaviour and resolution of nadolol enantiomers were 
investigated and discussed with respect to the mobile phase composition, pH, ionic 
strength, flow rate and temperature and the optimal mobile phase condition was found. 
In a preparative point of view, almost all research efforts concentrate on separation of 
one chiral centre drugs, two or multi chiral centre drugs have been rarely studied due to 
the difficulty of separation. To the best of our knowledge, until now almost all the 
efforts of enantioseparation of nadolol were performed at analytical scale which didn’t 
show much interests in the preparative or productive separation of the active 
enantiomer of nadolol. Besides, those studies were restricted to batch processes rather 
than continuous ones. To achieve preparative separation of nadolol by 
chromatographic method, the kinetics and equilibrium of enantioseparation of nadolol 
on the columns packed by this novel CSP are important. In this chapter, the linear 
driving force model and the moment analysis were used to describe and model the 
adsorption process. The magnitudes of the equilibrium and kinetic coefficients along 
with other system properties such as bed voidage, axial dispersion coefficient required 
as input parameters for the modelling and simulation of the process are evaluated for 
the CSP in a preparative column. 
 Traditionally, sorption equilibrium and kinetic parameters are determined by the 
batch method in which a known amount of sorbent is contacted with a solution of a 
sorbate in a closed vessel. By allowing equilibrium to be established with different 
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levels of solution concentration at a given temperature and pressure, the residual 
concentration in the solution is measured and equilibrium isotherms are obtained from 
the difference between the initial solution and equilibrium solution concentrations. A 
well- stirred batch vessel is commonly employed in adsorption kinetic studies. The 
solid and liquid phases, in suitably chosen amounts, are brought into contact with each 
other. By sampling the liquid phase and measuring its concentration at pre-determined 
time intervals, experimental transient concentration decay curves are obtained. 
Predictions of concentration decay obtained from the solution of an appropriate kinetic 
model are then fitted to the experimental curves to yield various transport parameters 
of interest, e.g., the film mass transfer coefficient, the effective diffusion coefficient 
and the adsorption rate constant. The batch method was extensively used in early 
1970’s (Satterfield and Cheng, 1972; Satterfield and Colton, 1973; Satterfield and 
Chiu, 1974). Other examples include the work by Bolden and Groves (1988), Kaguei 
et al. (1989) and Brito et al. (1990). A monograph also gives good treatment of the 
kinetics of adsorption (Suzuki, 1990). However, this method is experimentally tedious, 
inconvenient and time consuming. 
 The chromatographic method (dynamic method) has the advantage of accuracy, 
simplicity and rapidity in obtaining experimental data and it has been proved to be one 
of the most useful means (although not the best method) for physicochemical 
measurements (Conder and Young, 1979; Laub and Pecsok, 1978). This method, 
involves introducing either a pulse or a step input of a sorbate at the inlet of the column 
packed with solid sorbent and extracting equilibrium and kinetic information from the 
response at the outlet of the column. The response corresponded to a pulse or a step 
input is elution curve and breakthrough curve, respectively. It should be noticed that 
same information may be derived from either input and choice is dictated by practical 
convenience rather than by any intrinsic advantage of the method (Ruthven, 1984). In 
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this work, the pulse input has been adopted and subsequent experimental and 
theoretical development will focus on this technique. 
6.2. Theoretical background 
6.2.1 Theories for multi-component liquid chromatography 
 
 Many researchers have contributed to the modelling of liquid chromatography. 
There exist a dozen or more theories of different complexities. A comprehensive 
review on the dynamics and mathematical modelling of isothermal adsorption and 
chromatography has been given by Ruthven (Ruthven, 1984) and Guiochon (Guichon 
et al., 1994). Briefly, these models can be classified into four general categories: 
equilibrium theory (ideal model), plate models, equilibrium-dispersive model and rate 
model. 
1) Equilibrium theory (ideal model) 
 
 This model assumes that the two phases of mobile phase and stationary phase 
are in instantaneous equilibrium, neglecting axial dispersion and mass transfer 
resistance. So there are no sources of band broadening of kinetic origin and the column 
has infinite efficiency. It effectively predicts experimental retention times for 
chromatography columns with fast mass transfer rates. It provides general locations of 
elution peaks, but it fails to describe peak shapes accurately if mass transfer effects are 
significant. This model is also applied in non-linear chromatography which emphasizes 
the thermodynamic effect on separation by omitting all the mass transfer resistance and 
axial diffusion.   
2) Plate models 
 
  The idea originally introduced in distillation is adopted here in adsorption 
process. The number of theoretical plates of a column is directly related to equilibrium 
rate, which is termed column efficiency and commonly applied in chromatography. 
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 Generally speaking, there are two kinds of plate models. One is directly 
analogous to the tanks in series model for no ideal flow systems. In such a model, the 
column is divided into a series of small artificial cells, each with complete mixing. 
This gives a set of first order ODEs that describe the adsorption and interfacial mass 
transfer. Many researchers have contributed to this kind of plate model (Ruthven, 
1984; Suzuki, 1990). However, plate models of this kind are generally not suitable for 
multi-component chromatography since the equilibrium stages may not be assumed 
equal for different components. 
 The other kind of plate model is formulated based on the distribution factors that 
determine the equilibrium of each component in each artificial stage. The model 
solution involves recursive iterations rather than solving ODE systems. The most 
popular are the Craig distribution models. By considering the so-called blockage effect, 
Velayudhan used a Craig model with a corrected plate count to simulate elutions and 
frontal adsorptions. 
3) Equilibrium-dispersive model 
 In the equilibrium-dispersive model, it is assumed that the mobile and the 
stationary phase are constantly in equilibrium. However, band dispersion takes place in 
the column through axial dispersion and non-equilibrium effects (e.g., mass transfer 
resistances, finite kinetics of adsorption-desorption). It is assumed that their 
contributions can be lumped together in an apparent dispersion coefficient Da which 
can be estimated from the breakthrough curve experimentally measured in the frontal 
analysis method. Recently, the apparent axial dispersion coefficient was obtained from 
the breakthrough curve by applying the equilibrium-dispersive model (Miyabe and 
Guiochon, 2000). In that study, the kinetic parameter providing the best agreement 
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between the experimental breakthrough curve and the theoretical one, calculated using 
the equilibrium-dispersive model was taken as Da. 
4) Rate models 
 In practice, both the kinetics of mass transfer between the bulk mobile phase and 
the inner surface of the pores of the packing particles and axial dispersion proceed at a 
finite rate. The relationship between the local concentration of a compound in both 
phases should be given by a rate (kinetic) equation relating tC iS ∂∂ /,  to the mobile 









 The rate Model is based on the use of a kinetic equation, so the diffusion 
coefficient accounts exactly for axial dispersion (which includes axial and eddy 
diffusions). A rate model usually consists of two sets of differential mass balance 
equations, one for the bulk-fluid phase, the other for the particle phase. In principle rate 
models are more exact than equilibrium-dispersive models. This model has been used 
in this work. 
6.2.2 The rate models for chromatography 
 
 The problem of mass transfer kinetics was discussed for the first time within the 
context of chromatography by Lapidus and Amundson. The differential mass balance 





















where Ci and CS,i is the concentration of component i in mobile phase and stationary 
phase, respectively, F is the phase ratio and equals to (1- ε )/ε where ε is the bed 
voidage of the column, v is the interstitial velocity, DL is the axial dispersion 
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coefficient, z and t are the space and time coordinates. Assumptions made in the 
derivation of above Equation 6.2 include: homogeneous packing, negligibility of the 
compressibility of mobile phase and thus constant mobile phase velocity along the 
column, constant axial dispersion coefficient along the column, same partial molar 
volumes of the components in both phases, isothermal bed and radial homogeneous of 
the column. It is also assumed that the ingredients of the mobile phase are not adsorbed 
although in principle the mass balances of all components including the solvents and 
additives of the mobile phase have to be solved. 
 Chromatography is a complex phenomenon. In this process, all the factors such 
as fluid dynamics, mass transfer phenomena and equilibrium thermodynamics play an 
important role in the result of separation. A pattern of anatomised channels usually 
forms between packed particles although a great deal of attempts has been made in the 
packing process and even using regular particles with the same size (for packing 
materials with wide size distribution, the heterogeneous bed obviously contributes 
much to band broadening). Furthermore, most packing materials for HPLC are derived 
from silica gel, which has a very complex structure with a network of interconnected 
channels inside. It is convenient to distinguish two mobile phase fractions, interparticle 
and intraparticle. The former flows between the particles and occupies a volume 
fraction of the column equal to the external porosity (bed voidage). The latter is 
stagnant and fills the inner porosity of the packing. 
 In order for adsorption to take place, the sorbate has to leave the bulk of the fluid 
phase and move toward the intraparticle wall surface of the porous packing. Therefore, 
various resistances always exist including that in the fluid outside the particles 
(external film resistance), that inside the particles due to diffusion in the pore volume 
(pore diffusion or particle diffusion resistance) and on the pore wall surface (surface 
diffusion resistance) as well as that due to adsorption and desorption at the surface 
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(surface adsorption-desorption resistance). The rate determining step may be attributed 
to one or the combination of these resistances. Four rate models commonly used in 
chromatography covering most of the cases described above are homogeneous solid 
diffusion model with external film resistance, pore diffusion model with external film 
resistance, the dual pore (macropore and micropore) diffusion model with external film 
resistance and the linear driving force model. The physical interpretation and the 
mathematical description of each model are covered in details (Ruthven, 1984). In 
general, the model of external film resistance plus two intraparticle diffusional 
resistances provides a realistic description of almost all practical systems.  
 In the linear driving force model, it is assumed that solid matrix is homogeneous 
not only in its structure but also in concentration, which is usually represented by the 
average concentration within the particle. The rate equation thus becomes a simple 
function of time and position only. Mostly, we can assume that the kinetics of 
adsorption-desorption is infinitely fast but that the mass transfer kinetics is not. The 
mass transfer kinetics of the solute form the bulk mobile phase to the surface of the 
adsorbent is given by either the liquid film linear driving force model or the solid film 
linear driving force model.  
 The solid film resistance hypothesis was first proposed by Glueckauf and Coates 
(Glueckauf and Coates, 1949). The use of a solid film linear driving force model 
implies that the mass transfer in the bulk mobile phase is fast enough and thus the 
concentrations are uniform throughout the bulk phase. As shown in Figure 6.1, the 
mass transfer rate from the bulk phase to the solid particles is believed to be 
proportional to the difference between the bulk average concentration within the 
particles CS,i and the surface concentration qi* which is assumed to be in equilibrium 
with the fluid phase outside the particle. This linear driving force expression assumes 
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that the dominating mass transfer resistance is in the particle diffusion step which is 




Figure 6.1 Solid film linear driving force model 
 
 In the solid film linear driving force model, the mass transfer resistance is 
located in the thin solid film in which the stationary phase concentration varies from 
the equilibrium concentration qi* at the contacting surface to the stationary phase 
average concentration CS,i. Since the mass transfer rate is believed to be proportional to 
the concentration difference, the rate equation is written as: 
( )iSiiiS CqktC ,*, −=∂∂   (6.3) 
 In the diluted region, linear isotherm was used: 
iii CKq ⋅=*   (6.4) 
6.2.3 Moment analysis 
 
 The hydrodynamics of a chromatography column can be described through the 
analysis of the residence-time distribution of the eluent, which is derived from the 
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response curve to a Dirac injection. This response curve of the column to a Dirac 
injection contains information associated with the properties of the column. Briefly, 
these properties, which include the equilibrium and mass transfer parameters, can be 
extracted by four methods: solution in the time domain, solution in the Laplace 
domain, solution in the Fourier domain and the method of moments. The merits and 
limitation of each method have been discussed (Ramachandran and Smith, 1978). To 
obtain the solution of the model equations in the Laplace domain is not difficult but 
inversion of the transform to obtain an analytical expression for the pulse response is 
very difficult. Up to now, a closed form, analytical solution of the inverse Laplace 
transform has not been derived in the usual case of the rate model for a pulse injection. 
Among these methods, the application of the moment method is relatively easy and 
straightforward. Parameter estimate by the method of moments is covered in detail in 
four books (Ruthven, 1984; Suzuki, 1990; Wakao and Kaguel, 1982; Yamamoto, 
1988). The n th moment of the band profile at the exit of a chromatographic column of 
length z=L is defined as: 
∫∞ == 0 ),( dttLztCM nn  (6.5) 
 The first moment is defined as normalized moment and moments higher than the 
first are defined as central moments, which are measured relative to the first moment, 

























dttLtC µσµ  (6.7) 
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 By definition, the zero moment of the concentration profile of an eluted peak is 
simply the area of the peak. The first moment is the center of gravity of the 
concentration profile. In chromatography, it relates to peak retention time and therefore 
to the strength of adsorption. It will coincide with the peak maximum only when the 
peak is symmetrical. The second moment is peak variance, which is 
chromatographically related to peak spreading, caused by departures from equilibrium. 
It is obvious to notice that . In general, only the first and second 
moments are useful since higher moments can hardly be determined accurately from 




 The theorem of Van der Laan (1958) permits calculation of the moments of the 
response of the chromatographic column to a pulse injection, from the analytical 
solution in the Laplace domain. By this method, Haynes and Sarma (1973) obtained 
the expressions for the first and second moments of the pulse response for a dispersed 
plug flow model which considers interphase mass transfer resistance consists of 
external fluid film resistance plus two intraparticle diffusional resistances (macropore-
micropore). Such model is a sufficiently general model which provides a realistic 
representation of most chromatographic columns. For the solid film linear driving 
force model, the corresponding expression for the first and second moment is 


































22  (6.9) 
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 According to the plate theory of chromatography, which represents the column 
by a serial of hypothetical well-mixed stages, expression for the moment was derived 


























σ  (6.10) 
 The similarity of Equation 6.10 to Equation 6.9 obtained from the continuous 
theory illustrates the equivalence of the discrete and continuous representations of a 
chromatographic column. There is a direct link between the continuous theory 
(differential mass balance) and the classical theory of counter-current process. 
The definition of the height equivalent to a theoretical plate (HETP) is  
N
LHETP =  (6.11) 
 For a solid film linear driving force model, the following expression for HETP 



























σ  (6.12) 
 Equation 6.10 contains two separate parameters of interests, the axial dispersion 
coefficient and the overall mass transfer coefficient. It is evident that the contributions 
of axial dispersion and the various mass transfer resistances are linearly additive. 
6.3. Model parameters 
6.3.1 Bed voidage  
 
 The column volume can be divided into three parts: the volume between the 
porous stationary particles, the total pore volume of the stationary phase and the total 
particle volume without pores. Accordingly, there are three types of column porosity, 
 94
Chapter 6. Kinetic and Equilibrium Study of the Enantioseparation of Nadolol 
 
namely, total porosity εT, external bed porosity extε (or bed voidage ε ) and the internal 
porosity εi. Τhey   are related by: 
int)1( εεεε extextT −+=   (6.13) 
 The bed voidage can be evaluated from the zero retention time of a non-
adsorbed component to the stationary phase. This component can either enter the pore 
system of the stationary phase or not, which leads to two different definitions of zero 
retention time. Alternately, the zero retention time can be estimated roughly by the first 
significant baseline disturbance (the rapid deflection of the detector trace above and 
below the baseline at , caused by the difference in compositions of the sample 
solution and the mobile phase) or the use of a strong mobile phase (i.e., pure methanol 
for a buffer-methanol mobile phase condition, which leaves the column as an 
unresolved plug). 
0t
 For a component which enters the pore system but does not adsorb on the 







εεε === .   (6.14) 
where u and are the superficial velocity and volumetric flow rate of the mobile phase 
respectively. Therefore if the internal particle porosity is known, the bed voidage 
ε, which was used for the definition of the phase ratio, can be calculated from the total 
porosity of the column. 
⋅
V
 However, if the zero retention time of the column is evaluated from a non-
adsorbed component which can’t enter the pore system of the stationary phase, the 






Vto === εε.   (6.15) 
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6.3.2 Axial dispersion coefficient  
 
 Constraining band dispersion is very important to obtain good separation results 
in chromatographic process. This can be controlled from both extra-column and inside 
column ways. Thus connecting tubing, fitting and flow cell in detector should be 
minimized, which is practicable by modern technology. 
 Usually a packed column in chromatography is a porous medium with two 
modal pore distribution. The first one is made of extraparticle (interparticle) pores, the 
fraction of the column volume through which the mobile phase flows. The second one 
is intraparticle pores, which are made of pores of the adsorbent particles. Intraparticle 
pores are usually several orders of magnitude smaller than the particles. Diffusion 
behaviour is quite different in these two types of pore volumes. 
 When a fluid flows through a packed bed there is a tendency for axial mixing to 
occur which reduces the efficiency of separation. For ideal, linear chromatography the 
elution profiles of the peaks are identical to the injection profiles. In non-ideal, linear 
chromatography several effects will contribute to the broadening of a peak. In modern 
chromatography, the ratio of bed to particle’s diameter is usually sufficiently large so 
that the additional dispersion from wall effects can be neglected. All the phenomena 
contributed to axial mixing, except that of mass transfer resistance, are lumped into an 
axial dispersion coefficient. Two main mechanisms contributed to axial dispersion are 
molecular diffusion and eddy diffusion.  
 The structure of extraparticle space is relatively simple; the porosity distribution 
is rather narrow. The diffusion coefficient in this medium is practically the same as in 
the bulk, with no significant contribution of the structure of the column packing to 
axial dispersion rather than that due to the influence of the tortuosity and the 
constriction of the channels. In a packed bed, it is impossible for the mobile phase to 
move very far along a straight line without hitting the surface of a particle. The 
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channels follow tortuous paths around the particles. As a first approximation, 
molecular diffusion and eddy diffusion are additive, and the axial dispersion 
coefficient , is given by  LD
vdDD PmL 21 γγ +=   (6.16) 
where dP is the particle diameter and γ1 and γ2 are geometrical constants. For gaseous 
systems, γ1 and γ2 normally have values of about 0.7 and 0.5, respectively. For a liquid 
system with a typical bed voidage, γ1 and γ2 were given to be 50 and 0.5, respectively 
(Ruthven, 1984). For a pair of enantiomers whose physical properties are identical, 
their diffusion coefficients Dm and therefore their dispersion coefficients DL are equal. 
DL can also be expressed as vDD mL λη +=  for convenience, where η is the tortuosity 
factor for a packed column, and λ is the flow-geometry dependent constant. Since the 
molecular diffusivity Dm of liquid is too small to contribute significantly to axial 
dispersion even at low Reynolds numbers, Equation 6.16 can be simplified as  
vDL λ=  (6.17) 
 An alternate approach to evaluate DL in a packed column was suggested by 
Chung and Wen (Chung and Wen, 1968). It can be expressed as: 
[ ]48.0Re011.02.0 +=
Pd
LPe ε  (6.18) 
where Pe is the column Peclet number and Re is Reynold number. 
6.3.3 Kinetic data 
 
 The overall mass transfer coefficient, k, is composed of two separate mass 










1 2+=    (6.19) 
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Where  is the external film mass transfer coefficient and  is the effective diffusion 
coefficient. Wilson and Geankoplis (1966) proposed the following correction to 




[ ] 3/2Re09.1 −⋅= Scvk f  (6.20) 
 It is clear that k will be independent of liquid velocity provided that the 
influence of external film resistance is negligible. Under the experiments conditions in 
this work,  because estimated from Equation 6.20 is greater 
than  by at least a few orders of magnitude (Also K is small). Ching and Chu 
investigated a chromatographic system similar to this study (Ching and Chu, 1989). 
One may then neglect the contribution of external film mass transfer resistance, thus 











=  (6.21) 
which states that k can be regarded as a constant under the experimental conditions 
employed in this work.  
6.3.4 Adsorption isotherm  
 
 The isotherm gives the relationship between the concentrations of a component i 
in the stationary phase (qi*) and the mobile phases in equilibrium. A considerable 
number of adsorption isotherm models have been introduced, which include the 
Langmuir, the bi- Langmuir, the Fowler, the Freundlich, and the quadratic isotherm 
models. Among them, Langmuir isotherm is the most popular one due to its simplicity, 
especially in the theoretical development of multi-component adsorption process (i.e., 
by application of h-transformation or ω-transformation of the concentrations of a 
multi-component system described by Langmuir isotherm). 
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 Langmuir model assumes the number of adsorption sites is limited for solute 
molecules to be adsorbed and the total concentration in the stationary phase can not 
exceed a limiting concentration qmax.  The adsorption rate of a component is assumed to 








jiiadsiads qqCkN  (6.22) 
while the rate of desorption is to be equal to the concentration of component i in the 
stationary phase only: 
iidesides qkN ⋅= ,,   (6.23) 
 In the case of equilibrium the rates of adsorption and desorption have to be 



























,*  (6.24) 
 Equation 6.24 can be summarized over all components in order to find an 

























 By introducing Equation 6.25 into Equation 6.24, the stationary phase 











































1  (6.26) 
 By renaming the coefficients a more familiar expression for the competitive 
Langmuir isotherm can be obtained 
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 According to the brief derivation of the Langmuir isotherm given above, all biCi 
terms affect the number of adsorption sites covered by species i and all bi coefficients 
are necessarily positive. Furthermore, the ratio of ai/bi has to be equal for all 
components since it has to be equal to the limiting concentration qmax which was 
assumed to be same for all components. This restriction is thermodynamically 
consistent. 
 In practice, the limiting concentration is not necessarily the same for all solutes 
and the adsorption equilibrium can be better described it the restriction that all ratio of 
ai/bi has to be equal is not applied. 
(1) Langmuir a parameters 
 In the diluted region , Equation 6.27 reduces to  1≤∑ jjCb
iii Caq ⋅=*   (6.28) 
 The Langmuir coefficient ai (equilibrium constant Ki) can be obtained from 
tracer pulse experiments of the sample in the diluted region in which the adsorption 
behaviour is linear. 
 The expression for the first moment in linear region has been derived on the 
basis of moment analysis in Equation 6.8. Note that this equation can also be derived 
from a differential mass balance of component i under the assumptions of ideal 
chromatography. 
( )''0, 1)1( iiiR kvLktt +=+=   (6.29) 
'
ik  is the capacity factor in the linear region of the isotherm, and  
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ii ak ⋅−= ε
ε1'   (6.30) 
 As long as the peak is symmetric, the retention time of the peak maximum can 
be used to determine the capacity factor by using Equation 6.29. If the peak is 
unsymmetrical, the first moment of the peak instead of the peak maximum should be 
used by Equation 6.8.  
 A plot of the first moment (or the retention time of the peak maximum) against 
the reciprocal of the interstitial velocity should give a straight line, the Langmuir 
coefficient can be calculated from the slope. 
(2)  Langmuir b parameters 
 The h-root method was used to determine the bi coefficients of the competitive 
Langmuir isotherm. This method and the application will be introduced in chapter 7. 
 
6.4 Materials, Instrumentation and Experimental Procedure 
6.4.1 Materials and apparatus 
 
  Silica gel was supplied by Hypersil (UK) with a particle size of 15 µm. Empty 
column (250mm x 4.6 mm) assembly was purchased from Phenomenex (USA). The 
heptakis(6-azido-6-deoxy-2,3-di-O-phenylcarbamoylated)-β-CD bonded silica gel was 
packed into the columns using an Alltech pneumatic HPLC pump (model 1666, 
Alltech, USA). HPLC-grade methanol was obtained from Fisher Scientific (Leics, 
UK). Glacial acetic acid and triethylamine were obtained from Merck (Germany). 
HPLC water was made in the laboratory using a Millipore ultra-pure water system. 
1,3,5 Tri-tert-butyl benzene (TTBB) was purchased from Aldrich (USA). The racemate 
mixture of nadolol was purchased from Sigma (St. Louis, MO, USA). All purchased 
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products are used without further purification. The experiments were carried out in the 
Shimadzu LC-10ATVP chromatographic system, as reported in chapter 5. 
6.4.2 Experimental procedure 
 
 The experiments were conducted at room temperature about 24°C. All 
experiments were carried out in the reversed phase mode. The mobile phase used was a 
binary mixture of solvent A and solvent B. Solvent A contained pure methanol and 
solvent B contained buffer solution of triethylamine (TEA) adjusted with acetic acid to 
the desired pH value. Solvents A and B were delivered by pumps A and B respectively 
and were mixed thoroughly in a low dead volume mixer after the pumps. The 
enantioseparation can be affected by methanol concentration, TEAA concentration and 
the pH value of the mobile phase. All these parameters were changed systematically in 
order to optimise the separation condition. The optimum mobile phase was found in 
previous studies to contain 80% buffer solution (1% TEAA, pH=5.5) and 20% 
methanol. The resolution of the first and second peaks was defined as critical peaks 
which were used to evaluate the separation results. TTBB was dissolved in methanol at 
a concentration of 0.128 mg/ml. Racemate of nadolol was dissolved in the mobile 
phase at a concentration of 0.068 mg/ml. All samples were first degassed in a model 
LC 60H ultrasonic bath before 20 µl of which were injected into the column by the 
auto-injector. Signals were detected with the UV detector with wavelength set at 220 
nm and 280 nm for TTBB and nadolol respectively. The dead time of the column was 
determined by injecting pure TTBB at 220 nm.  
 For a given chromatographic system (sample-mobile phase-column), several 
response peaks were measured at different flow rates of the mobile phase. These peaks 
gave the necessary information on the determination of the adsorption equilibrium and 
kinetic coefficients. 
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6.5       Results and discussion 
6.5.1 Determination of bed voidage 
 
 1,3,5 tri-tert-butyl benzene (TTBB) has been widely used for the determination 
of column dead time tOR for various CSPs (Ching et al., 1992). The structure of TTBB 
is illustrated in Figure 6.2. 
 
Figure 6.2 Molecular structure of TTBB 
 
 
 Although the sorption to the perphenyl carbamoylated β -cyclodextrin is 
strongly supported by a phenyl group, this group is surrounded and shielded by the 
three tert-butyl groups in the case of TTBB. Further more, an exclusion mechanism is 
not likely to occur due to the relatively small molecular size of TTBB. Therefore, 
TTBB is not retained in the stationary phase and was chosen to determine the total 
porosity Tε of the column in this study. 
 The total porosity εT, was determined from the response to a pulse injection of 
1,3,5 tri-tert-butyl benzene (TTBB). The retention time of TTBB in the column was 
corrected by deducting the retention time of TTBB peak measured when the injector 
directly connected to the detector. 
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 For the non-adsorbed component of TTBB which can enter the pores of the 
stationary phase particles, the zero retention time was given by Equation 6.14. From 
the plot of mean retention time against the inverse flow rate in Figure 6.3, the total 
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Figure 6.3 Plot of mean retention time of TTBB versus inverse of  
mobile phase flow rate  
 
 The following correlation was used in this study to evaluate the bed voidage of 
the column, which was suggested by Suzuki (22), Ruthven (23) and Wakao and Smith 
(26): 
εε 55.045.0 +=T  (6.31) 
The bed voidage was found to be 0.58 for the column. 
 
6.5.2 Determination of axial dispersion 
 

















ελ  (6.32) 
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 In this study, the axial dispersion coefficient in the column was evaluated from 
HETP of the non-adsorbed TTBB peaks. The TTBB compound penetrates the sorbent 
rapidly and thus has negligible influence of inter-phase mass transfer on dispersion. 
This means mass transfer coefficient k has a higher order of magnitude and thus the 
mass transfer resistance can be neglected and it hardly contributes to the broadening of 
the peak. It is also known that TTBB is not adsorbed in the CSP (K=0). In both cases 
the second term of Equation 6.32 is equal to zero. Under such condition of axial 
dispersion control, one would expect to find a constant HETP, independent of liquid 
velocity, as shown in Equation 6.33: 
λ22 ==
v
DHETP L  (6.33) 
 In our experiment, it was found that TTBB rarely dissolved in the mobile phase 
(Buffer solution of 1% TEAA, pH=5.5 / Methanol=80 / 20). However, TTBB was 
easily to be dissolved in methanol. Since axial mixing in the chiral column is 
determined by the flow pattern rather than by molecular diffusion, axial dispersion 
coefficient determined by using methanol as mobile phase should have the same value 
as that obtained in the real mobile phase.  
 When using Equation 6.12 to calculate HETP, it was found that the calculation 
of the second moment was prone to error, since slight detector signal baseline shift or 
even the different choices of peak start and end positions can lead to large variations. 
In this study, an alternative method was used to calculate HETP from the column 
theoretical numbers based on Equation 6.12. 








tN R  (6.34) 
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 For asymmetric peaks the exponential modified Gaussian equation (EMG) 




















 The plot of HETP of TTBB versus the interstitial velocity of mobile phase given 
in Figure 6.4 shows a straight line with very little variation to the flow-rate. The DL 
could be determined from the HETP corresponding to v=0 which gives 














Figure 6.4 Plot of HETP of TTBB versus interstitial velocity of mobile phase  
on the column  
 
 
6.5.3 Determination of equilibrium data 
 
 In deviation of Equations 6.8 in the moment analysis, it was assumed that the 
isotherm was linear. To fulfil this requirement, all pulse experiments need to be carried 
out under linear conditions. Therefore, dilute nadolol samples were used in the 
chromatographic experiment and with tenfold variation in the amount of samples 
injected, there were no difference for the first moments of the three peaks. According 
 106
Chapter 6. Kinetic and Equilibrium Study of the Enantioseparation of Nadolol 
 
to the experimental results, the concentration of nadolol solution at 0.068mg/ml is 
believed to be in the linear isotherm region. 
 The first moments of the three components of nadolol were plotted against the 
inverse superficial velocity of mobile phase in Figure 6.5. Straight lines were fitted to 
the experimental points. Since the retention times should become zero if the interstitial 
velocity is infinite, the lines were forced through the origin. All fitted lines were in 
food agreement with the experimental points. According to Equation 6.8, the 
equilibrium constants were determined from the slopes of the lines, which were found 
to be 2.94, 3.46 and 5.45 for the stereoisomers (SRS)- and (SSR)-nadolol (considered as 
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Figure 6.5 Plot of first moments of three components of nadolol versus inverse 
superficial velocity of mobile phase on the column 
 
 
6.5.4 Determination of mass transfer coefficient  
 
 According to Equation 6.32, a plot of HETP against interstitial velocity of 
mobile phase for the three components of nadolol should give HETP which increases 
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approximately linearly with velocity, as shown in Figure 6.6. The overall mass transfer 
coefficient k can be determined from the slopes and were found to be 669.3 min-1, 
846.3 min-1 and 106.4 min-1 for components (SRS)- and (SSR)-nadolol, (RRS)-nadolol 
and (RSR)-nadolol respectively. These components correspond to the first, second and 
third peaks respectively in Figure 6.6. The results show that the mass transfer 
coefficients of the first two components are 6.29 and 7.95 times larger than that of the 
third component. Clearly, the most retained component of (RSR)-nadolol has the least 
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Figure 6.6 Plot of HETP of enantiomers of nadolol versus the interstitial velocity  




 Since (RSR)-nadolol and (SRS)-nadolol are enantiomers, which constitute 
racemate A (SQ12181), they have identical physical and chemical properties in an 
achiral environment. Therefore, the contributions of film diffusion and pore diffusion 
to the lumped mass transfer coefficient should be equal for both substances. The large 
difference in the lumped mass transfer coefficient could be due to the different kinetics 
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of adsorption and desorption process. The same postulation could be made for 
enantiomers (RRS)-nadolol and (SSR)-nadolol which constitute racemate B (SQ12182). 
(SRS)-nadolol and (SSR)-nadolol are diastereomers which have different physical 
properties. Both the adsorption-desorption rate and the mass transfer rate in the thin 
solid film and macropore-micropore differ from each other. The same lumped mass 
transfer coefficient of (SRS)-nadolol and (SSR)-nadolol could be due to the 
counterbalance of these two effects. It should also be mentioned that axial mixing in 
the column is determined by the flow pattern rather than by molecular diffusion. The 
contribution of axial mixing to HETP should therefore be approximately the same for 
the four enantiomers of nadolol. Therefore in Figure 6.6, the three lines should give the 
same intercept at v=0. The slight difference between them could be due to 
experimental errors. 
 The CSP in this study were synthesized and packed in a way to achieve high 
resolution and fast separation of chiral compounds, like most commercially available 
columns. The effect of mass transfer resistance (including that of external film 
resistance, intraparticle diffusion resistance and adsorption/desorption resistance) has 
only a very modest effect on the response curves for a column having a reasonable 
high efficiency. So a lumped mass transfer parameter can be used quite effectively 
even though it fails to investigate the nature of the specific mass transfer resistance.  
Another possibility to evaluate the mass transfer coefficients is to match the simulated 
concentration profiles directly to the experimental results based on a suitable model. 
However, by fitting the mass transfer coefficients to the experimental data, 
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6.5.5 Simulation results 
 
 Chromatography is a complex phenomenon. In this process all the factors such 
as fluid dynamics, mass transfer phenomena and equilibrium thermodynamics play an 
important role in the result of separation. The bed voidage ε, axial dispersion 
coefficient , equilibrium constant KLD i and mass transfer coefficient ki obtained from 
experimental results were used to simulate the elution profiles of racemate nadolol.  
 
 The corresponding boundary and initial conditions for Equation 6.2 and 6.3 are 
given by: 
Danckwerts boundary conditions: 












Ci  (6.37) 
Initial conditions: 
( ) ( ) 00,0, , ==== tzCtzC iSi  (6.38) 
i=1,2,3 which corresponds to the first, second and third components of nadolol, 
respectively.  





















 when injtt ≤≤0  (6.39) 
0321 === CCC       when  (6.40) injtt >
 The experiments with diluted feed concentrations of nadolol (in the region of 
linear isotherm) were carried out at different mobile phase flow rates. Their band 
profiles were normalized from detector signals (mV) to dimensionless concentration 
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C/C0. The PDE systems with the initial and boundary conditions as well as the square 
pulse injection were solved by commercial software Femlab 2.0.0.162. The simulated 
results were compared with the experimental results in Figure 6.7. It was found that the 
experimental and simulated results matched quite well. The slight discrepancy of peak 
shapes for the first and second peaks could probably be due to the difficulty of 
obtaining accurate HETP for these two components when determining the mass 


































Figure 6.7 Comparison of the simulated and experimental band profiles of racemate 




6.6     Conclusion 
 In this study, chromatographic resolution of three of the four stereoisomers of 
nadolol was obtained on the novel perphenyl carbamoylated β-CD CSP in reversed 
phase with a complete separation of the most active enantiomer (RSR)-nadolol. The 
three peaks of nadolol in the chromatogram were identified by injecting the four 
stereoisomers into the HPLC system under the same chromatographic conditions. 
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Enantiomers (SRS)- and (SSR)-nadolol, which were considered as one component, 
eluted together and overlapped in the first elution profiles, while (RRS)-nadolol and 
(RSR)-nadolol corresponded to those of the second and third peaks respectively. The 
axial dispersion coefficient , equilibrium constant KLD i and overall mass transfer 
coefficient ki of the three components of nadolol and the bed voidage ε of the column 
for the enantioseparation were determined by moment analysis. The axial dispersion 
coefficient in the column was evaluated to be 0.00275v for the three components of 
nadolol. The equilibrium constants were found to be 2.94, 3.46 and 5.45 for the (SRS)- 
and (SSR)-nadolol, (RRS)-nadolol and (RSR)-nadolol respectively. The overall mass 
transfer coefficients were evaluated to be 669.3 min-1, 846.3 min-1 and 106.4 min-1 for 
the three components. The simulated results fit the experimental observations quite 
well. 
 Although enantioseparation of all the four stereoisomers of nadolol was not 
accomplished in the perphenyl carbamated β-CD covalently bonded CSP, three 
components including that of the most active enantiomer, (RSR)-nadolol, were 
successfully separated. The optimum separation condition and model parameters will 
be important for the continuous counter-current chromatographic separation of 
racemate nadolol, i.e., using a 5-zone simulated moving bed (SMB) technique.  
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Chapter 7  
Determination of Competitive Adsorption Isotherms of Nadolol by 
Improved H-Root Method 
7.1. Introduction 
 Nowadays more research efforts have been concentrated on the production of 
enantiomerically pure products due to increasing demand that such drugs are 
administered in optically pure form (Anon, 1992). Compared to more conventional 
approach of designing a stereoselective organic synthesis, preparative-scale 
chromatography is becoming widely used for the purification of enantiomers because 
of the improved availability of highly selective stationary phases and low cost of this 
method (Guichon et al., 1994; Duan and Ching, 1998; Ching et al., 2000; Khattabi et 
al., 2000).  
 It is well known that separation by chromatography depends primarily on the 
adsorption isotherms, which relates the solutes concentration in the mobile phase to 
that of the stationary phase over the concentration range of interest.  Nowadays the 
simulated moving bed (SMB) technology in the continuous counter-current mode has 
demonstrated its considerable advantages with respect to traditional batch-wise 
preparative chromatography methods (Ching and Lim, 1993; Migliorini et al., 1998; 
Pais et al., 1998). It is widely believed that modeling the SMB processes and studying 
the dependence of the separation results on the system parameters are probably the 
most efficient way of optimizing the separation performance. Among these parameters, 
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 The determination of single-component isotherms by chromatographic methods 
has been extensively investigated (Lauband and Pecsok, 1978; Conder and Young, 
1979; Jacobson and Frenz, 1984; Guiochon et al., 1994; Francois and Guiochon, 1999). 
The methods of frontal analysis, frontal analysis by characteristic points, elution by 
characteristic points, elution of a pulse on a plateau as well as elution of an isotopic 
pulse on a plateau have been used successfully in liquid chromatography. As a 
separation method, preparative scale enantioseparation is preferred to operate at 
relatively high concentrations. Also the scale-up of separation processes from batch 
chromatography to continuous simulated moving-bed separations requires a proper 
understanding of the adsorption equilibria under non-linear conditions. Therefore it is 
more important to determine the competitive adsorption behavior among the consisting 
species. When applied to determine multi-components adsorption isotherms, only the 
single solute isotherms are determined experimentally and the competitive coefficients 
have to be predicted using suitable isotherm models (i.e., Langmuir, modified 
Langmuir or bi-Langmuir isotherms) with limited accuracy (Lisec et al., 2001). In the 
case of enantiomeric separations the pure individual isomers are expensive and in most 
cases, not commercially available (as in the case of this work), so the applicability of 
single component methods for the determination of the competitive adsorption 
coefficients is restricted. 
 For multi-component system, two chromatographic procedures were commonly 
used for obtaining equilibrium data. They were the tracer pulse (TP) method proposed 
by Helfferich and Peterson (Helfferich and Peterson, 1963) and the elution on a plateau 
(EP) method (also named perturbation chromatography) introduced by Reilley (Reilley 
et al., 1962), which have been discussed in details (Ma et al., 1990). Unfortunately, 
both methods were limited when determining the competitive adsorption coefficients 
of enantiomeric drugs. Jacobson contributed to the measurement of competitive 
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adsorption isotherms by presenting two methods both based on frontal chromatography 
which are the method of mass balance (MMB) and the method of composition 
velocities (MCV) (Jacobson et al., 1987). Although MCV method is in principle 
applicable to any number of components, the regression procedure becomes 
increasingly complex, and the regression parameters become more uncertain, as the 
number of components increases. In other studies (Djamel et al., 2000), the 
experimental single-component and competitive adsorption data were measured by 
frontal analysis and fitted to different isotherm models by a commercial nonlinear 
regression program. Essentially the competitive adsorption data measured by racemic 
mixtures suffice the regression to obtain the competitive bi-Langmuir models (with 8, 
6, 5 and 4 parameters) or competitive Langmuir model. This feature makes it a good 
alternative to determine the competitive adsorption isotherm for enantiomeric 
separation regardless of the complication of the regression procedure. 
 Both groups of Helfferich and Rhee contributed significantly in the theory 
development of multi-component adsorption in fixed beds by proposing the h-
transformation (hyperplane transformation) and the ω-transformation, respectively 
(Helfferich and Klein, 1970; Rhee et al., 1970; Rhee and Amundson, 1982). In fact, 
despite differences in terminology and scope of these two approaches, they are 
mathematically equivalent and the procedures of their application are identical 
(Helfferich, 1991). Based on the coherence theory of chromatography, which was 
applied successfully to a variety of chromatographic processes recently (Helfferich, 
1997), Jen and Pinto modified the h-root method for measuring the competitive 
Langmuir coefficients in an attempt of less experiment efforts (Chen and Pinto, 1989; 
Jen and Pinto, 1994). Advantages of the h-root method for determination of non-linear 
competitive isotherms of racemates include, pure enantiomers are not required and the 
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needed amount of racemate sample is relatively low because, in principle, only one 
frontal chromatography experiment is sufficient to determine the competitive b-
coefficients. Furthermore, the complete effluent composition history is superfluous 
because only breakthrough time for the frontal boundaries is needed. However, the 
introduction of a fictitious species (dummy species) was needed in their method 
development. It is worth noting that the introduction of the dummy species was 
originally proposed by Helfferich in the purpose of establishing the equivalence of an 
n-component system with non-stoichiometric adsorption (i.e. Langmuir competitive 
isotherm) with an (n+1)-component system characterized by stoichiometric ion 
exchange. On the basis of the established equivalence, h-transformation of 
concentration variables was applied to systems with Langmuir isotherm directly 
without the dummy species and was used to deduce chromatographic behavior 
knowing the equilibrium isotherms (Helfferich, 1993). Thus the necessity of 
introducing the dummy species in the method proposed by Jen and Pinto to determine 
the competitive Langmuir coefficients remains to be investigated. On the other hand, 
for the three chiral center drug nadolol, no work has been done to determine the 
competitive adsorption isotherms on a perphenyl carbamoylated β-cyclodextrin bonded 
chiral stationary phase. This is probably due to the difficulty for the enantiomer 
separation of a multi chiral center drug like nadolol as well as the complicated nature 
of determination of multi-component isotherm.  
 In this chapter, the h-root transformation is applied directly to the n-component 
frontal chromatographic system, without introduction of the dummy species. Detailed 
derivation of the transformation without the aid of dummy species is presented and it 
will be used to determine the non-linear competitive Langmuir coefficients of the three 
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stereoisomers of nadolol. The validity of the isotherms obtained is testified by 
comparing the experimental and simulated elution profiles in non-linear region.  
7.2. Theoretical  
7.2.1 Adsorption isotherms 
 It is well known that linear isotherms are of little practical interest due to the 
restriction to dilute systems. For the stoichiometric Langmuir isotherms, it is assumed 
that all the adsorbates have the same saturation loading capacity and their adsorptivity 
is so high that the adsorbent matrix is always saturated. In more general cases where 
the adsorbates exhibit different loading capacities, the constant selectivity 
nonstoichiometric Langmuir isotherm can be used. Besides different saturation loading 
capacities, the nonstoichiometric isotherm differs form the stoichiometric one for the 
presence of a unitary term in the nominator, making the adsorbed phase concentration 
dependent upon the overall mobile-phase density. It is worth noticing that the linear 
isotherm and the stoichiometric Langmuir isotherm can be seen as particular cases of 
the nonstoichiometric Langmuir model. The nonstoichiometric Langmuir equation for 
adsorption equilibrium, can therefore be regarded as the general form, which can be 















 The ai is measures of the intrinsic affinities of the respective species for the 
sorbent, and the bi are characteristic of the nature and strength of interference produced 
by the species. If one takes Langmuir’s derivation at face value, all bi coefficients 
should be positive and sorption is termed competitive. If any bi is negative, the 
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respective species have a synergistic effect, i.e., their sorption enhances rather than 
reduces sorption of other species.  
 It is also known that Equation 7.1 is thermodynamically consistent only if the 
bi/ai ratio of the coefficients is the same for all solutes. However, in practice the 
Langmuir equations can usually be fitted much better to observed equilibria if the 
coefficient ratios are allowed to differ from one another.  
7.2.2 Methodology of the improved h-root method 
 The h-root method is based on non-linear wave theory and coherence principle 
(Helfferich and Klein, 1970) and no attempts were made to outline the theory in details 
here. The assumptions of ideal chromatography (e.g. local equilibrium between 
stationary and mobile phase, ideal plug flow, no dispersion, isothermal behavior of the 
column) are taken for granted.  
 According to the coherence theory of chromatography, a chromatographic 
column exposed to a disturbance will, after a certain time, come back into a stable state 
which is called coherence. In the coherence state the concentration profiles of the 
solutes will not shift relatively to each other. The concentrations that co-exist with each 
other at one point in time and distance travel with the same velocity and therefore join 
each other on their way through the column. This can be expressed by the coherence 
condition that the concentration velocities of all species, which is defined as the rate of 
advance of a specified concentration of that species, have to be equal: 
  (7.2) jv=v i CC
 The concentration velocity (also known as wave velocity) refers to the 
propagation of dependent variables (concentrations) with distance and time, as distinct 
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from the species velocity, which refers to travel of molecules. The wave was defined 
here as a monotonic variation of solute concentration. 
 Expression for the wave velocities can be derived from a differential mass 











 The coherence condition defines composition path grids to which the system is 
restricted. If the initial column condition and the feed composition are known, the 
column effluent history can be predicted by the use of path grid. However, since the 
concentrations of all solutes vary across every concentration front, the prediction of the 
effluent history is still complicated. 
 
 For the adsorption isotherm that can be described by the Langmuir approach, 
the concentration path grid consists of straight lines and can be orthogonalized by a 
non-linear transformation (Helfferich and Klein, 1970). In a n-component system, the n 











 Equation 7.4 replaces the concentrations of a multicomponent system by the 
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 If the concentration of a solute j is zero, the Cj term of the solute in the H 
function is zero, so that Equation 7.4 has one root less. The corresponding missing h-
root is equal to: 
j
j a
h 1=  If 0=jc  ( )   (7.5)nj ≤≤1
 The reverse transformation from roots to concentrations was also derived 
(Helfferich and Klein, 1970). It should be noted that h-roots (hi) and concentrations 
(Ci) can not be compared to each other individually since a variation in one h-root can 
change several concentrations and vice versa. Both of them describe the stream 
compositions 
 The h-root method can be applied to non-linear frontal analysis, where the 
equilibrated and solute free column is disturbed by a step change in the concentration 
of the solutes in the mobile phase. If the step change in a mobile phase composition 
involves n solutes, the effluent history will consist of n concentration fronts that are 
partitioned by intermediate plateaus. Provided that the adsorption behavior of the 
solutes is competitive, the concentration fronts will be shocks, which become sharp 
concentration steps (i.e., concentration discontinuities) granted the premises of ideal 
chromatography. Since only one h-root hi varies over each concentration front, the 
prediction of the effluent history is simplified.  It is important to note from Equation 
7.5 that all h-roots for a column initially free of solutes can be readily calculated, even 
if the competitive Langmuir coefficients bi are unknown.  
 In the application of h-root method, it is more convenient to work with adjusted 
velocities of the shocks rather than their real velocity. The adjusted velocities are 
distances advanced per unit of adjusted time. The adjusted emergence time τj 
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(breakthrough time of the shocks in the frontal experiments) can be calculated from the 
real emergence time Tj of the shocks: 
v
LT jj −=τ  (7.6) 
 The adjusted emergence time is the difference between the real emergence time 
of the shocks and the retention time of a non-adsorbed component. It is the time 
needed to displace all the mobile phase molecules initially in the column void system. 




LU τ=   (7.7) 
 Figure 7.1 shows a schematic representation of the column profile for frontal 
development of a n-component mixture. In frontal analysis the column was initially 
equilibrated with solute-free mobile phase and the composition (defined as a complete 
set of species concentrations in the mobile phase) of the entering fluid is kept constant. 
All waves originate at the same distance-time point, which is the start of operation and 
the column inlet, and will travel at different velocities. With n solutes, there may have 
at most n waves partitioned by n-1 compositions plateaus. The horizontal lines 
represent sharp waves and the compositions of the plateau regions are expressed in 
terms of h-roots. Primes and double primes indicate the upstream and downstream 
composition of the waves respectively. It is worth noticing that across each wave only 
one h root varies. This is an important advantage of the h transformation.  
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Figure 7.1 Schematic representation of column shocks and plateaus in
frontal chromatography for a n-component mixture. (The column was equi
solute free initial fluid and was disturbed later by a step change in the con
the solutes in the mobile phase by introducing the entering fluid. Since the
in the mobile phase composition involves n solutes, the effluent history w
n concentration fronts which were partitioned by intermediate plateaus.) 
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            In Figure 7.1, the plateau compositions in terms of hi (noting both hi and Ci 
describe the plateau compositions) can be given entirely by the h-roots of the entering 
and initial fluid compositions,  and , respectively. The column contains no 









h 1'' =   (7.8) nj ,,2,1 ⋅⋅⋅=
 Equations for adjusted wave velocities of the shocks in terms of h-roots were 














ε  (7.9) 
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 For the '  of the entering fluid, it can be derived from Equation 7.9 that: ih
nn Uv
h ε











h 1,,2,1 −⋅⋅⋅= nj  (7.12) 
 Now we define the frontal capacity factor  as: 'iK
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−=  (7.13) 
Where  is the breakthrough time of the waves in the column in the frontal 
experiments,  is column hold up time. 
iT
0T




vU =   (7.14) 
 Combining Equation 7.14 with Equations 7.11 and 7.12 respectively, we obtain 




















=   (7.16) 1,...,1 −= nj
 Up to now, we obtain the expressions of the h space for the feed compositions 



























































 1,2,1 −⋅⋅⋅= nj  (7.18) 
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 In Equations 7.17 and 7.18,  are the feed concentrations. The frontal 
capacity factors can be obtained from the non-linear frontal chromatogram by 
applying Equation 7.13. The elution capacity factor  can be calculated from the 







ii ak ⋅−= ε
ε1'  (7.19) 
 Now all the terms in Equations 7.17 and 7.18 are known or can be 
experimentally determined, except that of the Langmuir competitive adsorption 
coefficients bi. Thus n equations can be used to determine the unknown bi ).,2,1( ni ⋅⋅⋅=  
 It is worth noticing that compared with the modified h-root method (Jen and 
Pinto, 1994), the (n+1) component (also known as the dummy species) was not 
introduced for the n component solutes system in this method. Thus the expressions for 
wave velocity and h-root of the entering fluid ( ) do not contain this 
species. The dummy species, first introduced by Helfferich, was aimed to make a n-
component system with non-stoichiometric adsorption (for example, the 
nonstoichiometric Langmuir isotherm of Equation 7.1) be equivalent with a (n+1) 
component system with stoichiometric exchange and constant total concentrations in 
both phases (Helfferich and Klein, 1970). For example, a column receiving influents of 
different total concentrations of the physically existing species receives, in the 
equivalent stoichiometric system, influents of the same total concentrations (an 
arbitrary mathematical constant) but with varying proportions of the dummy species. It 
is not surprising that same final expressions were obtained in this study as in the case 
of Jen and Pinto’s method, however, the application of the latter one needed the 
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since the equivalence of an n-component non-stoichiometric Langmuir adsorption 
system with an (n+1)-component system with stoichiometric exchange has been 
established. Obviously, the method presented in this chapter provides the advantage of 
conceptual clearance in liquid chromatography because the introduction of the 
confusing (the dummy species is assumed to be the least retained one and is sometimes 
confused with the displacer in the displacement chromatography) and unnecessary 
dummy species is avoided. The method is termed as improved h-root method for 
distinction with the modified h-root method proposed by Pinto et al. 
7.3     Materials, instrumentation and experimental procedure 
 
7.3.1 Materials 
 HPLC-grade methanol was obtained from Fisher Scientific (Leics, UK). Glacial 
acetic acid and triethylamine were obtained from Merck (Schuchardt, Germany). 
HPLC water was made in the laboratory using a Millipore ultra-pure water system. 
1,3,5 Tri-tert-butyl benzene (TTBB) was purchased from Aldrich (USA). The racemate 
mixture of nadolol was purchased from Sigma (St. Louis, MO, USA). All purchased 
products are used without further purification. 
7.3.2 Experimental procedure 
 The experiments were carried out with a Shimadzu SCL-10AVP 
chromatographic system, as introduced in chapter 5. The column (250 mm ×4.6 mm 
ID) was packed with 15µm spherical silica gel on which perphenyl carbamoylated β-
CD was covalently bonded. The experiment was conducted at room temperature about 
24°C.  
All linear elution and non-linear frontal experiments were carried out in the 
reversed phase mode. The optimum mobile phase composition was found previously, 
which contains 80% buffer solution (1% TEAA, pH=5.5) and 20% methanol. The 
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mixed solvents (mobile phase), contained in container A, were delivered by pump A 
until the column was equilibrated with the mobile phase (as monitored in the UV 
detector). After that, a step change in the concentration of nadolol over the mobile 
phase was introduced into the column by pump B from container B (pump A stopped 
and pump B started simultaneously), as required by the frontal experiment. This was 
fulfilled by the use of time program in the CLASS-VP 5.032 software. TTBB was 
dissolved in methanol at a concentration of 0.128 mg/ml, which was used to determine 
the column hold up time.  Racemate of nadolol was dissolved in the mobile phase at a 
concentration of 0.135 mg/ml and 0.1787 mg/ml respectively, both in the non-linear 
region of the adsorption isotherm.  TTBB and nadolol solutions were filtered by 
vacuum filtration device using 0.45µm size membrane and degassed in a model LC 
60H ultrasonic before the experiments. Signals were detected with the UV detector 
with wavelength set at 220 nm and 280 nm for TTBB and nadolol respectively.  
 
7.4     Results and discussions 
 
7.4.1 Determination of competitive Langmuir coefficients 
 The bed voidage, axial dispersion coefficient, overall mass transfer coefficients 
as well as equilibrium constants (the Langmuir coefficient a) for the chromatographic 
enantiomeric separation were evaluated by moment analysis on the basis of solid film 
linear driving force model in a previous study (Wang and Ching, 2002). The 
equilibrium constants were found to be 2.94, 3.46 and 5.45 for the (SRS)- and (SSR)-
nadolol, (RRS)-nadolol and (RSR)-nadolol respectively. Their overall mass transfer 
coefficients were found to be 669.3min-1, 846.3 min-1 and 106.4 min-1 respectively. The 
bed voidage was 0.58. Among these parameters, the mass transfer coefficients deserve 
more discussion.  
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 It has been demonstrated that the contributions of the axial dispersion and of 
the other mass transfer processes are additive in both linear and nonlinear 
chromatography when assuming the solid film linear driving force model. The 
contributions of each mass transfer process, i.e., (1) the fluid-to-particle mass transfer, 
(2) the intraparticle diffusion, and (3) the adsorption / desorption are lumped into only 
one kinetic parameter, k, which is a considerable simplification.  
 Although the mass transfer coefficients k have been reported to be not slightly 
concentration dependent in some system (Rearden e al., 1998), it was found in other 
cases that k increases only moderately with increasing concentration, i.e., of S-Troger’s 
base in a chromatographic system of ethanol and microcrystalline cellulose triacetate 
used as mobile and stationary phase, respectively (Miyabe and Guiochon, 1999). In 
that work, Guiochon et al. fitted the experimental breakthrough curves based on a 
suitable model, and the parameter for which the best agreement was observed between 
the curves was taken as the best value of either the apparent Peclet number (Pe) in the 
equilibrium-dispersive model or the best value of the apparent Stanton number (St) in 
the transport model. By using the modified van Deemter equation and plotting HETP 
with u, the mass transfer coefficient, k, was calculated from the slope. It was found 
when the solute concentration increases 20-fold, the mass transfer coefficients k 
increases only by a factor of about 1.6. It is obvious that the concentration dependence 
of the mass transfer coefficients depend on the solute-mobile phase- stationary 
systems. In this study, the lumped mass transfer coefficients obtained in linear range 
were used for the modeling and simulation of the nonlinear elution chromatography 
since mass transfer resistance contributes mainly to the diffusion of peaks rather than 
their position.  
 In frontal chromatography experiments of nadolol, the step change in the 
mobile phase composition (the column was initially equilibrated with solute free 
 128
Chapter 7.Determination of Competitive Adsorption Isotherms of Nadolol by Improved H-Root Method 
 
mobile phase) involves 3 solutes and thus the effluent history consists of 3 
concentration shocks (step change of concentration) that are partitioned by 
intermediate plateaus. Figure 7.2 illustrates typical experiment results of the frontal 
analysis. The experiment was conducted at concentrations of nadolol at 0.1787 mg/ml 
and the flow rate of the mobile phase is 0.5ml/min. It was also found from Figure 7.2 
that all three fronts were diffused waves rather than being shocks as predicted by 
coherence theory. This is because that in reality the mobile phase and the stationary 
phase are not always in equilibrium and the effects of dispersion and mass transfer 
resistance tend to flat the shock profiles to diffused layers which travel with the same 
velocity. For this reason the inflection point of the breakthrough curves were used to 
determine the breakthrough time of the frontal boundaries. It is also worth noticing that 
the detector’s response is sufficient to provide the required information. The hold-up 
time of the column was determined from the frontal experiment of 1,3,5 tri-tert-butyl 
benzene (TTBB). Both the breakthrough time Ti of the frontal boundaries of the 
nadolol components and the hold-up time T0 of the column were corrected by 
deducting the extra-column breakthrough time, TD, measured by TTBB when the 
column was removed from the system. 
 Although ideally only one frontal experiment is necessary to determine the 
competitive Langmuir coefficients bi, the possibility of experimental error and the 
difficulty to determine Ti accurately necessitates other confirming frontal experiments, 
which may be conducted at different concentrations of the step changes of the solutes 
and at different flow rate of the mobile phase. The experiments were conducted at 
concentrations of nadolol at 0.135 mg/ml and 0.1787 mg/ml, respectively and the flow 
rate of the mobile phase was 0.5 ml/min. The experimental results of the non-linear 
frontal and linear elution chromatography are shown in Table 7.1 and 7.2, respectively. 
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Figure 7.2 Experimental non-linear frontal chromatogram 
(Concentration=0.1787mg/ml, Mobile phase flow rate=0.5ml/min). 
 
 
 The three equations used to determine the competitive Langmuir coefficients of 
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Table 7.1 Experimental results of the nonlinear frontal analysis (mobile phase at 















0.135 6.12 11.8 18.84 19.88 23.1 5.68 12.72 13.76 16.98 1.239 1.423 1.989
0.1787 6.12 11.8 18.8 19.86 22.85 5.68 12.68 13.74 16.73 1.232 1.419 1.945
 
Where  is the dead time of the system without column connection,  and  is the 
breakthrough time of un-retained TTBB and component i of nadolol, respectively, 
measured in the frontal experiments,  is the breakthrough time of component i of 








Dii TTT −= ' 0T
DTTT −= '00    
 
 
Table 7.2 Experimental results of the linear elution chromatography 
 
 ia   'ik   
1((SRS)-nadolol and 
(SSR)-nadolol) 2.94 2.129 
2 ((RRS)-nadolol) 3.46 2.5055 
3 ((RSR)-nadolol) 5.45 3.9466 
 
 
Table 7.3 Competitive Langmuir coefficients of the stereoisomers of nadolol 
 
 Concentration 0.135mg/ml 
Concentration 
0.1787mg/ml Average 
b1 0.0913 0.0859 0.0886 
b2 1.9715 1.9587 1.9651 
b3 19.1107 14.1539 16.6323 
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 In Equations 7.20 to 7.22, i=1,2,3 refers to the first, second and third 
breakthrough components of nadolol from the column. They correspond to (SRS)- and 
(SSR)-nadolol, (RRS)-nadolol and (RSR)-nadolol respectively. In the above equations, 
elution capacity factor , frontal capacity factor  and feed concentrations are 
all known, so they can be easily solved (e.g., by MATLAB 5.3.1) to give the results of 







1, b2 and b3. The results of bi are shown in 
Table 7.3. The competitive Langmuir coefficients of the three components of nadolol 


















cq +++=  (7.25) 
It is found from the value of  that the competitive interference among the three 
stereoisomers of nadolol is high, which demonstrates strong competitiveness among 
the three components for the adsorbents.  
ib
7.4.2 Validation of Adsorption Isotherms of nadolol 
 The adsorption isotherms determined in the previous section needed to be 
tested for their validity. In the modeling of chromatographic processes, a model is only 
as good as its ability to predict band profiles, not only for the single components but, 
most importantly, for the separations of mixtures. For this, the PDE systems with the 
initial and boundary conditions were solved by a code Femlab 2.0.0.162, which is 
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based on MATLAB and solves PDEs using finite element method, to simulate the 
response to a pulse injection of nadolol.  
 The PDE equations, together with the adsorption isotherms of Equations 7.23, 
7.24 and 7.25 were solved by the Femlab program. It is worth noting that for nadolol 
separation in the nonlinear region, the amount of an enantiomer adsorbed at 
equilibrium depends not only on the concentration of this component, but also of the 
concentrations of all the other components. In contrast, in linear system studied in 
Chapter 6, the amount of a component adsorbed at equilibrium only depends on its 
concentration. Figure 7.3 gives the comparison between experimental and simulated 
profiles for non-linear elution chromatography at concentration of 0.135 mg/ml and 
mobile phase flow rate of 0.3 ml/min. It was found that the experimental and simulated 





















Figure 7.3 Comparison of the simulated and experimental band profiles of racemate 
nadolol. Condition: Flow-rate=0.3 ml/min, C0=0.135 mg/ml (non-linear region). 
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7.5 Conclusions 
 In this chapter, h-root method was used to determine the competitive Langmuir 
isotherm for stereoisomers of nadolol on perphenyl carbamoylated β-cyclodextrin 
bonded chiral stationary phase. Although the arbitrary choice of dummy species have 
no effect on the final results as long as it is in the range of 0 and the intrinsic affinity 
coefficient of the least retained component, confusion may be arisen and this 
disadvantage is avoided by applying h-root transformation directly to the multi 
component chromatographic system without introduction of the dummy species. Also, 
the individual isomers of nadolol, which are not commercially available, are not 
required and only very small amount of racemic mixture of nadolol is needed. This 
facilitates the determination of isotherms for racemic drugs. It should be noticed that h-
root method can only be applied to adsorption system that can be described by 
Langmuir isotherm. This method divides the determination of Langmuir parameters 
into two parts. The intrinsic affinity coefficients  were obtained from linear elution 
chromatography, and competitive interference coefficients  were obtained from non-
linear frontal chromatography. The non-linear frontal experiments were performed at 
different step change of the solute concentrations in the mobile phase, which was 
aimed to eliminate the possible experimental errors and to obtain average b coefficients 
of Langmuir isotherms. Through the simulation, it was found that the experimental and 
simulated results match well, this confirms that the adsorption of nadolol on perphenyl 
carbamoylated β-cyclodextrin bonded chiral stationary phase conform to Langmuir 
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Chapter 8  
Continuous Counter-Current Separation of Nadolol Enantiomers 
8.1. General introduction 
 Chromatographic processes provide a powerful tool for the separation of binary 
or even multi-component mixtures in which the components have different adsorption 
affinities. There are basically two approaches to operate and scale up chromatographic 
processes, which are batch and continuous chromatography. The batch-wise route to 
scaling up the chromatographic process has naturally been the obvious choice for many 
researchers. Since the importance of preparative chromatography in the historic 
development of pharmaceutical separation and this method is still efficient and 
powerful in the development of new drugs when pure components are urgently needed 
to evaluate the toxicity and biological effects (Charton et al., 1994; Francotte, 1994), 
this chapter will first give a very brief introduction of conventional batch preparative 
chromatography before going to the topic of continuous chromatographic process. 
 Preparative liquid chromatography (PLC) is distinguished from conventional 
analytical high performance liquid chromatography (HPLC) not so much by its scale as 
by its purpose. PLC is defined as the liquid chromatography (LC) method carried out 
for the purpose of isolating purified chemical substances, whereas analytical LC is 
carried out for the purpose of identifying and quantifying the components of mixtures.  
The scale of PLC is normally larger than that of HPLC, ranging from micrograms to 
grams per run. Furthermore, production liquid chromatography can be defined as LC 
carried out for the purpose of commercial production and differs from preparative LC 
in that the cost is all-important. Its scale may be within the range of milligrams to 
kilograms per run. In preparative chromatography, resolution, efficiency and peak 
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symmetry are irrelevant as optimisation tools. Indeed, optimisation of performance in 
analytical LC implies seeking conditions which combine maximum column efficiency 
and minimum elution time, whereas optimisation of performance in preparative LC 
implies seeking conditions which provide the maximum injection rate or collection rate 
(throughput) of material with specified purity and yield, under the restriction of a 
limited pressure drop across the length of the column. Preparative chromatography is 
preferred to be operated with volume or concentration overloaded, the application of 
each method has been discussed in detail (i.e., by Knox and Pyper, 1987). In practical 
applications a compromise is always being sought between resolution or efficiency and 
production, much in the same way as in analytical chromatography a compromise is 
looked for between analysis time and resolution. Actually, it has been argued that 
column efficiency, peak resolution or band symmetry have little place in PLC and the 
bottom is throughput, yield and production cost (Guiochon and Katti, 1987). For large 
scale preparative (except those of semi-preparative) and production scale separation, 
much attention should also be paid to instrumentation, which include column packing 
(radial and axial compression are often utilized), sample injection and distribution, 
detection as well as automation (i.e., the developments of computer controlled 
instrumentation allows repetition of well defined cycles until desired amount of 
product is collected). These issues have been covered in detail (Guiochon and Katti, 
1987; Porsch, 1994). 
 The selection of the mode of operation, which can be elution, frontal and 
displacement chromatography, depends on a large part on the nature of the sample, the 
purity required and the production rate expected. Among the three modes, frontal 
chromatography seems do not appear suited to the preparative chromatography and the 
advantages and disadvantages of elution and displacement chromatography have been 
examined (Guiochon and Katti, 1987). For the most popular operation mode, the 
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overloaded elution chromatography, a feed pulse is injected in the unit and separated 
into different components, which are collected before a new batch can be processed. 
The scale-up procedure of overloaded elution chromatography in touching-band 
separation has been well established (Snyder etc., 1997). As for cut and fraction 
collection strategies, there were two fundamentally different ways for an optimal 
separation of a binary mixture. One strategy is to collect fractions for each component 
and their mixture (Felinger and Guiochon, 1994, 1996, 1998), while for the other one 
only two fractions are collected (Strube et al., 1999) which requires almost baseline 
separation between the two injected compounds. These two strategies were compared 
in the optimal design of batch preparative chromatography separations recently (Jupke 
et al., 2002). In the optimisation of preparative chromatography, different object 
functions have been employed to determine the parameters such as flow-rate, column 
length, particle size, injection time, and the cut times for fraction collection, etc. These 
object functions include those of productivity (Felinger and Guiochon, 1992), the 
production of production rate and recovery yield (Felinger and Guiochon, 1996, 1998; 
Jandera et al., 1998), the hybrid function considering the production rate, the specific 
solvent consumption and fixed costs (Felinger and Guiochon, 1994), etc.   
 One of the major drawbacks of batch preparative chromatography is the finite 
recovery yield of the components of interest. Bands can only be completely separated 
under low production rates. Because it is difficult to find experimental conditions to 
recycle the mixed fractions and is complex to optimise the process, this approach has 
now received less attention from users. Like other industrial applications, continuous 
process is preferred over batch ones for chromatographic separations. The term 
“continuous” refers to any process configuration which permits continuous 
introduction of feed and continuous withdrawal of products. From the engineering 
standpoint, continuous process offer better utilization of the available mass transfer 
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area, provide constant product quality, and usually do not require any product 
recycling, thus resulting in higher throughputs for a given separation duty. These 
advantages have led researchers to develop various continuous systems of different 
configurations. These systems can be divided into two broad categories depending on 
the relative motions between the sorbent phase and the fluid phase, namely, counter-
current and cross-current. In counter-current systems the sorbent phase and the fluid 
phase move in substantially opposite directions while in cross-current systems the 
relative motions of the two phases are nearly at right angles to each other. These 
continuous processes have been covered in detail in two books (Ganetsos and Barker, 
1993; Wankat, 1986). This thesis presents only a concise summary of these processes.   
8.1.1 Cross-current process 
 The concept of cross-current chromatographic process (annular 
chromatography) was first proposed by Martin (1949), who also provided a theoretical 
analysis of its operation. The annular chromatograph consists of two concentric 
cylinders of equal lengths but different diameters. The space between these two 
concentric cylinders is packed with sorbent particles. While the column assembly is 
slowly rotated about its axis, eluent and feed solutions are introduced continuously at 
the top of the annulus. The eluent is uniformly fed to the entire bed circumference 
while the feed mixture is introduced into a narrow sector of the circumference at only 
one point. The components of the feed travel in helical paths around the annulus at 
different angles according to their relative affinities for the solid phase and are 
recovered continuously from the individual fixed exit points at the bottom of the 
annular bed, with the strongly retarded component travelling along a longer helical 
path. As long as conditions remain constant, the angular displacement of each 
component band from the feed point will also remain constant. Obviously there are 
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many design variants to the cross-current process described above, i.e., the cross-
current operation can also be achieved by rotating feed nozzles and product collectors 
around the stationary annular bed. As a matter of fact, annular chromatography 
replaces the length and time coordinates characteristic of a conventional batch 
chromatography with the length and angular displacement coordinates of the rotating 
bed. In this respect, conventional batch chromatography and annular chromatography 
are analogous, and, in principle, an annular chromatography can perform 
“continuously” any separation that a conventional chromatography can perform in a 
batch-wise fashion.  
 The magnetically stabilized fluidized bed (MSFB) is another device developed 
for continuous cross-current chromatography separation (Pirkle and Siegell, 1988; 
Siegell et al., 1986). A multi-component  feed injected continuously are separated by 
movement of the MSFB solids in a perpendicular direction to the fluidizing carrier 
movement. Under the influence of a magnetic field, magnetic solids can be made to 
flow in a plug fashion without the presence of bubbles or pulse and carrier fluid may 
ascend in essentially plug flow through the bed. Although the practical feasibility of 
cross-current MSFB systems has been demonstrated, such processes have not yet been 
analyzed in as much detail as the cross-current annular process. 
8.1.2 Counter-Current process 
 Operating a chromatographic system as a steady state or quasi-steady state 
counter-current process has proved very successful for large-scale operations. A 
number of counter-current processes have been developed which can be classified into 
two categories according to the principle employed to achieve the counter-current 
movement. They are the true counter-current processes in which the solid phase is 
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moved physically and the simulated counter-current processes in which the solid phase 
does not move but its motion is simulated by some mechanical means. 
1) True counter-current (TCC) processes 
 In true counter-current systems the solid phase flows under gravity down a 
vertical column while the fluid phase is pumped upward. The fluid and solid phase 
velocity are selected so that the more retained components of the feed exit in the 
direction of the solid phase, while the less retained ones exit in the direction of the 
liquid phase. Examples include the early large scale Hypersorption process (Berg, 
1946,1951; Kehde et al., 1948). Although much work had been carried out on true 
counter-current systems and some large scale systems were used commercially 
(Ruthven and Ching, 1989), such systems in general had been found to suffer from 
difficulties associated with the control of the falling solids, the loss of efficiency due to 
back-mixing, and the attrition of the packings. Further improvements of the process 
include the pulsed bed where sorbent is contacted at a fixed bed which is intermittently 
fluidized and moved countercurrent to the fluid flow. Besides, the magnetically 
stabilized fluid bed for counter current separations was also proposed where the back-
mixing of a fluidized magnetic particles is substantially reduced under the influence of 
a magnetic field (Burn and Graves, 1985, 1987). 
2) Simulated counter-current processes 
 It has been proven impossible to move the solid phase through the column with 
reproducible conditions and reasonable column efficiency. Fortunately most of the 
benefit of counter-current operation can be achieved by the simulated moving bed 
chromatography (SMB). A chromatography may be operated counter-currently if there 
is a counter-current motion between the sorbent phase and the points where the fluid 
enters and exits from that phase, which can be simulated in a packed-column system in 
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two ways: (a) The counter-current contact is simulated by moving the series of 
columns past fixed fluid entry and exit points either continuously or periodically, in a 
direction opposite to the direction of fluid flow; (b) The counter-current contact is 
simulated by moving the fluid entry and exit points at fixed time intervals in the 
direction of fluid flow. 
 Based on method (a), Barker and co-workers employed a bundle of packed 
columns rotated at a controlled speed past fixed fluid inlet and outlet points. 
Preparative scale systems have been used in the separation of cyclohexane-benzene 
and diethyl ether-dichloromethane azeotropic mixtures, glucose-starch mixtures, and 
dextran fractionation (Barker and Ganetsos, 1988). However, limitations in achieving a 
reliable mechanical seal between the static and moving parts, together with the 
mechanical difficulties and expense of rotating large column bundles, preclude the 
scale-up of this form of equipment. 
According to method (b), two approaches exist in the achievement of simulated 
counter-current systems, which are the “Sorbex” Process developed by UOP (U.S.A.) 
(Broughton, 1968a) and the one developed by Barker and co-workers (Barker and 
Deeble, 1973), respectively. Firstly conceived for bulk large-scale separations of the 
Sorbex Process, the sorbent is contained in a single bed divided into a number of 
sections and the solid movement was accomplished by means of a rotary valve that 
periodically shifted the feed, eluent, raffinate, and extract lines along the bed in the 
direction of fluid flow. The SORBEX technology (de Rosset et al., 1981; Johnson, 
1989; Johnson and Kabza, 1993) was later developed to include the Parex process for 
p-xylene separation from a mixture of C8 aromatics, the OLEX process to separate 
olefins from paraffins, the SAREX process to separate fructose from fructose /glucose 
mixtures for high fructose corn syrup (HFCS) production, among others.  
 141
Chapter 8.Continuous Counter-Current Separation of Nadolol Enantiomers 
 
An alternative system avoiding the complexity of specially designed rotary 
valve used in the Sorbex process was also developed (Barker and Deeble, 1973; 
Hashimoto et al., 1987). In this device, the sorbent is contained in a number of 
identical columns connected in series through solenoid on-off valves to form a closed 
loop. In addition to the transfer valve located between each pair of columns, more on-
off valves are connected to the corresponding feed, eluent, raffinate, extract, and 
recirculation piping networks. When these valves are activated, either feed or eluent 
can be introduced into any column or products can be withdrawn from any column. 
The switching of fluid entry and withdrawal points is achieved through an automatic 
timing device which sequences the status of the solenoid valves (on-off) around the 
unit in an appropriate pattern.  
8.1.3 Simulated moving bed (SMB) technology in chiral separations 
 Due to the continuous nature of the operation and an efficient use of the 
stationary and mobile phases, SMB units exhibit a number of advantages with respect 
to classical preparative chromatography, where several fixed-bed columns are operated 
in a cyclic batch mode. The process allows the decrease of the desorbent requirement 
and the improvement of the productivity per unit time and unit mass of stationary 
phase. Furthermore, SMB performance is expected to be not affected by a low 
efficiency of the stationary phase, at least not as much as batch preparative 
chromatography (Charton and Nicoud, 1995; Migliorini et al., 1998a). SMB process is 
believed to be able to achieve high-purity performance even when the resolution 
exhibited by an individual column is not efficient for a batch preparative process, 
which is often the case in chiral separations. This is again essentially due to the 
countercurrent contact between the fluid and the adsorbed phases, which enhances the 
efficiency of the inter-phase mass transport in SMB units. 
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 Though applied for almost forty years in the hydrocarbon and sugar industry 
for large-scale separations (tens of thousand tons per year; cf. Johnson and Kabza, 
1993), recently the SMB technology has been down-scaled to apply in the areas of 
biotechnology, pharmaceuticals and fine chemical applications, and particularly chiral 
separations, due to the availability of new reliable stationary phases. The first 
successful chromatographic enantioseparation by applying the SMB principle was 
published by Negawa and Shoji who separated 1-phenylethanol on Chiralcel OD. This 
application opened the field of SMB chromatography in the enantioseparation, 
witnessed by the large number of chiral SMB separations reported in the literature in 
recent years (Ching et al., 1992a, 1993; Nicoud et al., 1993; Charton and Nicoud, 
1995; Kusters et al., 1995; Cavoy et al., 1997; Francotte and Richert, 1997, 1998; 
Guest, 1997; Pais et al., 1997a, b; Schulte et al., 1997; Francotte et al., 1998; Proll and 
Kusters, 1998; Juza et al., 1998; Nagamatsu et al., 1999; Pedeferri et al. 1999; Khattabi 
et al. 2000). It is worth noting that the number of SMB chiral separation candidates is 
virtually unlimited provided the availability of CSPs. However, the number of 
hydrocarbon separations where SMB technology is economically competitive with 
respect to distillation is very limited, although SMB technology was first developed for 
the hydrocarbon separations historically. 
 Although chromatography on achiral as well as on chiral stationary phases 
(CSPs) has been right from the beginning a separation method more to prepare pure 
compounds rather than to analyse them, as a production tool it has long been 
recognized as a very expensive tool and therefore limited to special applications, e.g., 
the isolation of bio-molecules, where no other production methods were suitable. 
However, the SMB processes in the petrochemical and sugar industries proved that 
with adsorption or chromatographic principles even low-value products could be 
produced with very good economy. Therefore with access to sufficient amounts of 
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stable and selective CSPs the application of SMB technology can be highly 
competitive in terms of price, reliability, prediction and scaleability for 
enantioseparation of chiral drugs. 
 One of the key features of the success of chromatographic techniques with 
respect to asymmetric synthesis for pure enantiomer production is the possibility of 
developing the separation within short times by scaling up directly the high 
performance liquid chromatography (HPLC) analytical method. In principle, SMB 
units use the same method, i.e., same chiral stationary phase (CSP) and mobile phase 
for a chiral separation, adopted for analytical purposes. This is a key issue to the 
success of the SMB technology, for example in the pharmaceutical industry, since it 
allows speeding up the development process of new drugs. Moreover, in this way both 
enantiomers can be obtained with high purity and recovery in sufficient amounts for 
biological and clinical tests (Mazzotti et al., 1996). These features match the 
increasingly demanding requirements of pure enantiomers set forth by the drug 
regulatory institutions. This rationalizes the reason why simulated moving-bed (SMB) 
technique has received a continuously increasing attention in the pharmaceutical 
application of chiral drugs’ separation. 
8.2. Theory  
8.2.1 Four-zone counter current chromatography and basic design principles 
 The SMB and TCC operation are similar in concepts but different in the way of 
accomplishing the counter-current contact of the solid-fluid phases. Since the 
equivalence between TCC and SMB units has been well established and extensively 
used  (Ruthven and Ching, 1989), the understanding and design of SMB should resort 
to the study of its corresponding hypothetical TCC. 
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 We thus concisely introduce the conventional four-zone (section) TCC process, 
which is used predominantly for binary separation though it can also be applied to split 
a multi-component mixture into strongly adsorbable and weakly adsorbable groups. 
For the detailed qualitative description of how four-zone SMB works, see (Chu, 1992). 
To the point, in order to achieve the required separation of a binary mixture, it is 
necessary to ensure a net flow of the preferentially adsorbed species A toward the 
extract point and a net flow of the less strongly adsorbed species B toward the raffinate 
point. Hence, in section 2, 3, and 4 the preferentially adsorbed species must move 
downward (in the direction of solid flow) while in section 1 it must move upward (in 
the direction of liquid) flow. Likewise, the less strongly adsorbed species must move 
upward in section 1, 2, and 3 but downward in section 4. In summary, the separation is 
performed in the two central sections of section 2 and 3, where component B is carried 
by the mobile phase and component A is retained by the stationary phase. The eluent is 
used to desorb component A from the first section, so as to regenerate the adsorbent 
and component B is adsorbed in the fourth section of the unit, so as to regenerate the 
desorbent itself. To achieve such a complete separation, the fluid to solid flow ratio m1 
must be large enough to completely regenerate the solid stream before it is recycled. 
The flow ratio m4 must be low enough to adsorb all raffinate components from the 
recycled desorbent. Above that, the flow ratios m2 and m3 must also be limited in a 
region on the parameter space (Mazzotti et al., 1994).  
 SMB processes can be fulfilled in practice by several ways. Besides solenoid or 
pneumatic valves, SMB operation can also be achieved through rotary valves, where 
the periodic movement of inlet and outlet ports are in the same direction of the fluid 
flow. Each section of the SMB unit is divided into several subsections in order to 
closely approximate the counter-current movement of the solid-fluid phases. Each 
section of the unit plays a specific role in the operation, which consists of a fixed bed 
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fed by the fluid stream from the preceding subsection after mixing with or withdrawal 
of an external stream. With reference to a binary mixture to be separated, which 
constitutes the feed stream to the unit, the more adsorbable component, A, is collected 
in the extract stream, whereas the less adsorbable one, B, is collected in the raffinate 
stream. 
 Based on the equivalence between SMB and TCC process, several procedures 
have been proposed in the literature to guide the design of SMB unit, which can be 
divided into: 
1) McCabe-Thiele diagram method.  
 It is based on the approximation of the unit as a sequence of stages and then on 
the application of a McCabe-Thiele like analysis (Ruthven 1984; Ching et al. 1985). A 
McCabe-Thiele diagram can provide a convenient representation of the counter-current 
system. It can be used to understand how the concentration profile is affected by 
changes in flow rate and switching time and thus provides useful initial guidance 
concerning the section of operating conditions (Ching 1989).  
2) Gamma design principles (the safety margin approach).  
 The key parameter, which governs the steady-state concentration profile in the 













εγ 1  (8. 1) 
In order to achieve separation of the feed components, the less retained component 
moves in the direction of the mobile phase and the more retained in the direction of the 
solid phase. Thus it is necessary to fulfill the following flow constraints: 
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Section I 1<Aγ  1<Bγ  (8. 2) 
Section II 1>Aγ  1<Bγ  (8. 3) 
Section III 1>Aγ  1<Bγ  (8. 4) 
Section IV 1>Aγ  1>Bγ  (8. 5) 
 If one selects to satisfy all these constraints by the same margins ( 1>α ), this 
set of inequalities translates into a set of four simultaneous equations, which define the 
flow ratios. These equalities can be arranged to give the expressions for the solid phase 
flow rate Qs as well as those of the outlet streams: 
( ) ααε BA
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⎛ −= αα  (8. 9) 
 In these equations, QS is the (apparent) solid phase flow-rate, QF, the feed flow-
rate, QR, QE and QD are the flow-rates of the raffinate, the extract, and the desorbent, 
respectively, us is the solid phase velocity (us=L/t*, with L column length and t* 
switching time), ε is the column total porosity, A is cross section area, F its phase ratio, 
[F=(1- ε)/ε], KB and KA are the Henry coefficients (K1,2=k1,2/F) of the two enantiomers, 
respectively and k1 and k2 their retention factors. The largest production rate (and the 
lowest eluent consumption) are obtained for α=1; however, operation with this value is 
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unstable. Operation for α between 1 and BA KK / is possible, the production rate 
decreasing with increasing value of α. In summary, once QF and the safety margin 
factor are chosen, the other flow-rates (solvent, raffinate and extract) and the switching 
time are easily derived from this set of equations. However, it should be pointed that 
the safety margin procedure meets difficulties when applied in the non-linear range 
(Zhong and Guiochon, 1997). 
3) The triangle theory method.  
 This approach is formulated in the framework of the equilibrium theory, which 
takes into account the non-linearity of the adsorption equilibrium isotherm and neglects 
the effect of axial mixing and mass transfer resistances (Storti et al. 1989). Triangle 
Theory provides a rather accurate prediction of the optimal operating conditions for the 
desired separation and a precise qualitative and quantitative explanation of the main 
features of SMB operations in both linear and nonlinear ranges. Such an equilibrium 
model has been the basis for the recent works of Storti et al. and Mazzotti et al. and 
will be explained later. 
 Whatever the approaches, the design of an SMB should as far as possible resort 
to the study of its corresponding hypothetical TCC and then transfer the obtained 
results to the corresponding SMB unit, using the geometric and kinematic equivalence 
between SMB and TCC process. The equivalence can be easily obtained by keeping 





jL vvv += ,,  (8. 10) 
( )ε−= 1* VtQTCCS  (8. 11)  
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 It is worth noting that when steady state is reached, the stationary regime of a 
TCC apparatus is time independent.  On the contrary, a SMB unit in the stationary 
regime has a cyclic behavior, in which each section undergoes a transient during each 
time period between two successive valve switches. The SMB process is very 
complicated from both practical and theoretical point of view. As mentioned early, the 
successful design and operation of SMB process depends on the correct selection of the 
operation conditions and in particular, of the flow rates in each section. Although 
transient evolution of the SMB and TCC approaches are different, they have similar 
steady-state performances. Thus one can obtain the optimum operating conditions for 
the SMB using the steady-state TCC model since the primary objective in practical 
proposes is to characterize steady-state performance. 
 However, it is worth noting that by using more detailed models it can be shown 
that the TCC approach does not lead to real optimum operating conditions (Jupke 
2002). Consequently, TCC models and models applying equilibrium theory are 
suitable for an estimate of the operating parameters only. In addition, models applying 
equilibrium theory do not consider the finite efficiency of chromatographic columns. 
Thus, an optimization of design parameters such as column length or columns per 
section is not achievable employing equilibrium theory. Detailed SMB models 
including real switching of the inlet and outlet ports may be necessary for this purpose. 
 
8.2.2 Two design approaches for counter-current separation process 
 The solid phase used in SMB is usually porous particles, especially silica gel 
bonded chiral stationary phases for chiral separations. Due to the complex micropore 
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structure (it has been compared to the network of ways in a city, with its highways, 
streets, alleys, and staircases), the liquid phase entrapped by the micropores of solid 
particles (i.e., intra-particle voidage of a column) can be regarded as parts of either 
mobile phase or stationary phase. Accordingly, the development of model equations, 
definition of flow rate ratios, complete separation regions, expression of isotherm 
coefficients and TCC to SMB conversion formula are different.  
1) Intra-particle fluid with liquid phase concentration 
 
 The following set of first-order hyperbolic partial different equations for the 
generic jth section of ideal 4-zone TCC unit (with no axial dispersion and mass transfer 
resistances) can be derived by applying the material balance of species i in a 
differential section between planes distant z and dzz +  from the fluid entrance over a 










i qcmqc ξεεετ  (8. 13) 
Where the concentration of stationary phase, , refer to that of the real “solid” part of 
the porous particle, the liquid entrapped by porous particles has liquid phase 





 The model equations of the four-zone TCC unit consist of four sets of material 
balance equations, together with the relevant boundary conditions and the material 

























 (8. 14) 
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In these equations, VtQS /=τ and VAz /=ξ  are the dimensionless time and 
space coordinates;  is the overall void fraction of the bed; i refers 
to the species to be separated (i=A, B) and j to the four sections of the TCC unit 
(j=1,2,3,4). In Equation 8.14, “a” represents incoming fluid state, “b” represents 
incoming solid state and “0” represents initial conditions. 
)1(* extiext εεεε −+=
 Flow rate ratio, 'jm , is defined as the net fluid flow rate over the sold phase 
flow rate since liquid entrapped by intraparticle of solid phase moves counter-currently 















 The steady-state behavior of the TCC unit is determined only by flow rate ratio. 
For a complete separation, net flow rates (defined as ) of the strong 
components are negative, so that they follow the solid flow and conveyed toward the 
extract outlet. Similarly, the net flow rates of the weak components must be positive, 
so that they follow the fluid flow and are carried toward the raffinate outlet. The 
following necessary and sufficient conditions to achieve complete separation of binary 







i qcmf −= '
∞<< '1mH A  (8. 16) 
AB HmH << '2  (8. 17) 
AB HmH << '3  (8. 18) 
BHm <'4  (8. 19) 
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Which relates operating parameters of the SMB unit with its equivalent TCC process. 
Based on of TCC process, one can obtain SMB zone flow rates, , provided the 
switching time has been determined (which is a compromise between SMB 





 The equilibrium constant H in Equation 8.16-8.19 can be evaluated from a 








0  (8. 21) 
 Equation 8.21 is readily derived from the fact that retention time, , and dead 
time, , are inversely proportionally to particle velocity of a solute, , and interstitial 
velocity of mobile phase, v , respectively.  Note that a solute molecule makes its way 
out of column at the velocity of mobile phase, v , only during the fraction of time they 
spend in that phase rather than on (or in) the stationary adsorbent. The particle velocity 













=  (8. 22) 
2) Intra-particle fluid with solid phase concentration 
 
 The liquid entrapped by intra-particle of porous adsorbent is assumed by other 
researchers (Nicolaos et al., 2001) to have the concentration of solid phase, . j isC ,
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Where and is the interstitial velocity of liquid phase and solid phase, 
respectively.  
Lv Sv















 Combining Equation 8.23 and 8.24, at steady state, we have:
  
( ) 0, =−∂∂ j isjij CCmz  (8. 25) 
 To fulfill complete separation, the following inequities should be fulfilled: 
∞<< 1mK A  (8. 26) 
AB KmK << 2  (8. 27) 
AB KmK << 3  (8. 28) 
BKm <4  (8. 29) 
 Based on the equivalence between SMB and TCC process, one can obtain SMB 












j  (8. 30) 
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 Similarly as in previous approach, the equilibrium constant K can be evaluated 
from a series of pulse test at different flow rate in batch chromatography process: 
⎟⎠
⎞⎜⎝
⎛ −+= KttR ε
ε110  (8. 31) 












 The difference between the two design approaches is summarized in Table 8.1 
and 8.2, which compare the definition of phase concentration and the different 
application equations of these two approaches in TCC process, respectively. 
 
 
 Table 8.1 Liquid and solid phase definition in TCC and SMB process 
 
Column voidage TCC & SMB approaches 
Different void inside 
column 
Fraction of 
column Approach 1 Approach 2 
Bed (inter-particle) voidage ε  Liquid phase concentration,  jic
Liquid phase 
concentration,  jic
Micropore of porous 
adsorbent (intra-particle 
voidage) 
)1( εε −p  Liquid phase concentration,  jic
Solid phase 
concentration,  j isC ,
“Solid” part of adsorbent 





concentration,  j isC ,
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 Table 8.2 Different definitions of the two approaches in counter-current 
chromatographic process 
 
Definition of equations Approach 1 Approach 2 
























Complete separation regions 
∞<< '1mH A  
AB HmH << '2  
AB HmH << '3  
BHm <'4  
∞<< 1mK A  
AB KmK << 2  
AB KmK << 3  
BKm <4  
Retention time in fixed bed ⎟⎟⎠
⎞
⎜⎜⎝






⎛ −+= KttR ε
ε110  


































































 Assuming that adsorbent and fluid be regenerated properly in section 1 and 4 of 
the four-zone SMB respectively, it is rather useful to consider the projection of the 4-
dimensional spaces of separation region onto the (m2, m3) plane, where the triangle-
shaped complete separation region is defined. When plotting the experimental retention 
time of the two eluted components against the reciprocal of mobile phase flow 
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rate, , two straight lines can be obtained by fitting the experimental points. From 
the slopes of the lines, the linear equilibrium constants can be determined respectively, 
which have different values as shown in Table 8.2. However, at the optimal SMB 
operation conditions ( ,  for approach 1 and ,  for 
approach 2), the SMB unit has the same zone flow rates for these two approaches: 
⋅
V/1
BHm ='2 AHm ='3 BKm =2 AKm =3
*2 t
SQ BSMB =  (8. 33) 
*3 t
SQ ASMB =  (8. 34) 
Where and represent the slope of the fitted - lines for the more adsorbed 




 It can also been shown that at the other two vertexes of the right triangle-
shaped complete separation region (the vertexes are located at the diagonal line), both 
approaches obtain the same SMB zone flow rates provided the switching time of 
columns is identical (i.e., the hypothetical solid moving rate in SMB is identical). Thus 
the two design approaches are different in TCC process in terms of different definition 
of flow rate ratios and complete separation regions expressed by flow rate ratios. They 
are equivalent in SMB process because equal zone flow rates and switching time can 
be obtained from batch chromatography elution experiments. 
 We discussed in this section the difference and equivalence of two approaches 
for counter-current (which include both TCC and SMB) chromatographic separation 
process arising from the different definition of micropores liquid concentration. In 
application of SMB process, it is of crucial importance to use TCC to SMB conversion 
and linear isotherm coefficients expressions consistently. It should be pointed out that 
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the discussion is based on equilibrium theory which is only applicable for ideal system. 
For nonideal system (whether linear or nonlinear isotherm), a series of distorted 
triangular regions can be generated by computer simulations to include infinite number 
of possible operating conditions by the triangle method (Azevedo and Rodrigues, 
1999). Alternately, one can apply the standing wave design method, which provides 
unique solutions to guarantee high purity and yield operation of SMB process 
(Mallmann et al, 1998). 
 
8.2.3 Binary and multi-component SMB separation in nonlinear region 
 For a nonlinear adsorption system, i.e., the constant selectivity 
nonstoichiometric Langmuir isotherm (which is a general form including the special 
cases of linear isotherm and stoichiometric Langmuir isotherm), the situation is more 
complicated. For columns in any section of the TCC unit, the fluid and adsorbed 
phases have constant, homogeneous composition in the entire column at steady state 
conditions. The conditions for the occurrence of one particular constant state can be 
expressed in terms of the product of m with the quantity δ. However, each variable jδ , 
 depends on the whole sets of flow rate ratios (Mazzotti et al., 1994). 
Moreover, restraints in section 8.2.2 (negative value of net flow rates  for strong 
components and positive values of  for weak components) are necessary for 
complete separation, but not sufficient. They deal only with the behavior of each 
section separately, ignoring the interaction with other sections of the unit in non-linear 
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 In the frame of equilibrium theory, true countercurrent (TCC) adsorption model 
was employed by Storti et al. (1989, 1993, 1995) and Mazzotti et al. (1994, 1996, 
1997) in a series of efforts to study SMB process. These studies were based on ω-
transformation (Rhee et al., 1970, 1982), which established a one-to-one mapping 
between the space of fluid or adsorbed phase concentrations and the  vectors in a 
related C-dimensional space (for a C component mixture). It is worth noting that the 
approach based on the ω-transformation rather than h-transformation is adopted for the 
theoretical study of counter current adsorption process, where the latter one formed the 
basis to determine multi-component isotherm in chapter 7. In fact, the equivalence of 
the two approaches has been established (Helfferich and Klein, 1991).  
Ω
 The components of the Ω  vector associated to a given composition set, 
corresponding to fluid and adsorbed phase concentrations, ci and qi, i=1, . . . C (ci and 



















ωω  (8. 36) 
There are C real and positive roots, which fulfill the following inequalities: 
CCCiii aaaaaa ≤≤≤⋅⋅⋅≤≤≤≤⋅⋅⋅≤≤≤≤< −− ωωωω 1122110   (8. 37) 
 When one component is absent from a specific stream in the system, the rule 
that if and only if Ci=qi=0, then ia=ω should be applied. In this case, all the other ω  
values, with ia≠ω , can be calculated through Equation 8.35 or 8.36 where the 
missing ith component is excluded from the sum. 
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 The motivation for introduction the Ω  space is that the solution for the counter 
current adsorption process can be obtained most conveniently in terms of ω  values. In 
the physical space, the solution is constituted of a number of constant states separated 
by transitions, which can be continuous (simple waves) or discontinuous (shock 
waves). Only one ω  value change across each transition, and whether it increases or 
decreases through it determines the character of the transition itself. After the 
completion of the transition, the fluid and adsorbed phases, in equilibrium with each 
other, exhibit constant composition in the entire column, which is determined by the 
value of the net flow rate ratio.  
 Storti et al. established that the Ω  vectors characterizing the constant state 
inside the column and the two outgoing streams are bounded by the  vectors of the 
two incoming streams (theorem 1, Storti et al., 1993). Particularly, for a four-zone 
TCC unit, the pure eluent stream is characterized by 
Ω
{ }iD a=Ω and the feed stream, 
where all components to be separated are obviously present, by { }FiF ω=Ω  where 
 are calculated using Equation 8.36 and the feed concentration 




),,2,1( CiC Fi ⋅⋅⋅= ω  
values characterizing the states of a four-zone counter current adsorptive separation 




i a≤≤ ωω  ( )Ci ,,2,1 ⋅⋅⋅=  (8. 38) 
 Based on these theorems and suitable selected material balance equations, 
explicit expressions were derived (Storti et al., 1993) to outline the complete separation 
region on the ( ) plane for the separation of a binary mixture with a desorbent 
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(bulk separation). The results were obtained for systems characterized by either the 
linear or stoichiometric Langmuir isotherms and were extended to systems of constant 
selectivity nonstoichiometric Langmuir isotherms (Mazzotti et al., 1996). Besides bulk 
separations, where no desorbent is present and the feed stream constitutes only of the 
components to be separated, effect of the presence of desorbent in feed fstream on the 
location and robustness of the region of complete separation was also studied 
(Mazzotti et al., 1997a). In special, desorbent is usually nonadsorbable (or it is so weak 
that its adsorptivity is negligible) for enantiomeric separation, and explicit criteria were 
obtained (Mazzotti et al., 1997b) to determine the boundaries of the complete 
separation region in the space spanned by the operating parameters  ('jm ,4,1 ⋅⋅⋅=j  for 
a four-zone SMB configuration). It is rather useful to consider the projection of the 4- 
dimensional spaces of separation region onto the ( ) plane, where the triangle-
shaped complete separation region is defined in the ( ) plane (thus the triangle 
method was named). The points inside the triangle shaped region identify operating 
conditions achieving complete separation, i.e., the situation where each enantiomer is 
collected pure in the extract or raffinate outlet stream. The work was based on the 
separation of a binary mixture characterized by both constant selectivity 
nonstoichiometric Langmuir isotherm and variable selectivity modified Langmuir 
isotherm and the analysis was extended to bi-Langmuir isotherms, which can avoid the 









 As mentioned early, the four-zone SMB can be used for multi-component two-
fraction separations. For a multi-component system with a desorbent having any 
adsorptivity, the complete separation region could be determined by trial and error 
method. Specially, a system of constrained nonlinear equations was solved for each 
point on the plane and the results were checked against the complete separation criteria 
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(Mazzotti et al., 1994). Furthermore, exact equations for the boundaries of the 
complete separation region described by stoichiometric and nonstoichiometric 
Langmuir isotherm were obtained; in both cases it was assumed that the desorbent 
competes for the adsorption sites (Chiang, 1998a and 1998b). More recently, complete 
separation region for a system constituted of an inert solvent and C solutes, which 
interact with the stationary phase according to the constant selectivity non 
stoichiometric Langmuir model, were determined by using ω-transformation 
(Migliorini et al., 2000). The complete (n, p) separation regime was defined as the one 
where the less retained components labelled from 1 to n are collected in the raffinate, 
and the more retained species, with indices from p to C, are collected in the extract. 
Note that for a complete separation p=n+1 and no component distributes between 
raffinate and extract steams. 
Assuming that regeneration of adsorbent and desorbent in section 1 and 4 work 
properly, only the following states in section 2 and 3 allow one to attain the (n, p) 
separation regime: 
{ }γγ ωω Cpnaa ,,,,,12 ⋅⋅⋅⋅⋅⋅=Ω  (8. 39) 
{ }Cpn aa ,,,,,13 ⋅⋅⋅⋅⋅⋅=Ω ββ ωω  (8. 40) 
And the following inequalities should be met to achieve complete separation: 
γωδ pn ma << 2'2   (8. 41) 
γωδ pn ma << 3'3  (8. 42) 
Where the superscript γ  refers to solid state between section 2 and 3, β  refers to 
liquid state between feed introduction point and section 3, 2δ  and 3δ are defined by 
Equation 6.27. 
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These equations were obtained by using the ω-transformation (Equation 8.35 
and 8.36) and the theorems summarised early. It should be noted that constraints of 
Equation 8.41 and 8.42 remain implicit since 2δ and 3δ depend on the steady states 
achieved in section 2 and 3 which in turn depend on the values. They can be made 
explicit using the flux function , which applies to the net flow rates a similar 






i (i.e., in Equation 
8.35): 
( ) ( ) ( )[ ] '2'2'32 1 mEmmT −−−= ωωω  (8. 43) 
( ) ( ) ( )[ ] '3'2'33 1 mRmmT −−+= ωωω  (8. 44) 

















1 ωω  (8. 46) 
 For most chiral separations by SMB which employ non-adsorbent desorbent as 
eluent, the introduction of function T2 is the key feature of this approach, since it 
allows dealing with only two zeros of the convex function T2 ),( +− ωω  in the interval 
of interest whatever the number of components to be separated (also note that function 
T3 is increasing in its intervals and one and only one root falls in each of the intervals). 
This is a decisive improvement with respect to the approach followed in previous 
papers (Storti et al., 1993; Mazzotti et al., 1996) where the order of the algebraic 
equation to be solved to determine complete separation conditions was equal to the 
number of components to be separated. It was shown that the region of complete 
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separation in the plane must fulfil the following inequalities (Migliorini, 
2000b): 
),( +− ωω
+− << ωωna  (8. 47) 
P
F
P a<< +ωω  (8. 48) 
Which is the necessary and sufficient conditions for the system to attain the (n, p) 
complete separation regime. Through a one-to-one mapping between  and 
( ) planes, the boundaries and coordinates of their intersection points of the (n, p) 






8.2.4 Optimal and robust operation of SMB process 
 In this section, we focus on the optimal & robust operations for the SMB 
separation process. Separation of a binary mixture using nonadsorbable desorbent by 
conventional four-zone SMB process is considered, which is mostly encountered in 
drug separation. The adsorption equilibrium is characterized by competitive Langmuir 
isotherm. Different process parameters, such as purity, yield, enrichment, desorbent 
requirement and productivity are used to characterize and evaluate the SMB 
performance. During the separation there is a net consumption of desorbent due to the 
desorbent lost in both extract and raffinate products. Thus desorbent requirement is 
defined as the mass of desorbent used to recover a unit mass of product. The 
productivity can be defined as the mass of the more adsorbed component A (or the less 
adsorbed component B) recovered in extract (or raffinate) stream per unit time and unit 
volume of stationary phase. Similarly, parameters such as purity, yield and enrichment 
are also defined with regard to component A and B in the extract and raffinate steams, 
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respectively (also refer to Table 8.4 for the definition of these operating performance 
for five-zone SMB). 
The optimal operation conditions within the complete separation in the 
operating parameter space spanned by flow-rate ratios , j=1, …, 4, correspond to 
minimum desorbent requirement and maximum enrichment and productivity (the 
purity and yield of both components are 100 % in theory within the complete 
separation region). It is readily observed that performance parameters improve with 
increasing of the difference of ( ) in complete separation region, and the 










































BBBopt −−++−−++=    (8. 52)         
 It is worth noting that the above equations depend on the feed composition 
through the parameters Fω and Gω , which are given by the roots of the following 
quadratic equation ( )0>> FG ωω : 
( ) ( ) ( )[ ] 0111 2 =++++++−++ BAFBBFAABFAAFBBAFBBFAA KKcbcbKcbcbKcbcb ωω   (8. 53)                   
 However, under the optimal operating conditions the performance of the unit is 
very sensitive to various kinds of disturbances, such as perturbations in the operating 
conditions, inaccuracies in the chemico-physical parameters and model uncertainties; 
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in other words these conditions are not robust. Robust conditions mean that small 
disturbance does not modify the qualitative behaviour of the unit. With reference to 
complete separation conditions, this means that as a consequence of the disturbance, 
the actual performances change, but the unit still achieves complete separation. 
 Robustness of a SMB unit is of great importance in choosing operating 
conditions for practical application, which can be affected by two different factors. On 
the one hand, either perturbations in the operating conditions, i.e. flow-rates, , 
and the switch time, , or inaccuracies in the estimation of geometrical features of the 
columns, such as volume, V, and overall void fraction of the bed, , may modify the 
flow rate ratios . Thus the operating point may be carried from the expected 
location in the complete separation region, to another position that is likely to be 
outside the complete separation region. On the other hand, perturbations in the feed 
composition (in the non-linear region) modify the shape and location of the complete 
separation region, whereas they have no impact on the values of the flow-rate ratios. 
The same effect may also be caused by the effects of non-idealities (mass transfer 
resistance and axial dispersion in real unit, which are neglected by the equilibrium 







 In all the above cases the expected complete separation region, within which 
the operating point has been chosen, is likely different from the actual complete 
separation region, which may not include the selected operating point. However, if the 
operating point is rather far from the optimal point within complete separation, it is 
likely that small perturbations and parameter inaccuracies do not hinder the separation. 
In real applications, the optimal operation conditions are selected as a compromise 
between separation performance and robustness, i.e., by choosing points within the 
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complete separation and far enough from the optimal point (Mazzotti et al., 1997b; 
Pedeferri et al., 1999).  
8.3. Five-zone SMB separation of ternary mixture 
 Although having advantages of low solvent consumption, high-purity products 
and high productivity, the classical four-zone SMB can only separate binary mixture 
into two pure products, or divide multi component mixtures into strong adsorbing and 
weak adsorbing fractions. It is unable to purify a ternary mixture into three different 
fractions in a single set up. The ternary mixture can be separated into their components 
by operating two SMBs in a row, which are either separated or combined in a single 
device (in general, for a separation of n component mixture into n pure components,   
n-1 SMBs will be necessary). Other concepts of keeping the four zones either by 
alternating two different adsorbents or having a variation of the working flow-rates 
with respect to time within a switching period were also proposed (Kearney and Hieb, 
1992). Besides these approaches, a fifth section can be added to the four-zone SMB 
(Nicoud, 1999), thus a third fraction can be withdrawn from the system, besides those 
of extract and raffinate. Relative high purities can be reached if the target component 
accumulates where the side stream is added. This direction is consistent with growing 
application needs in the area of multi-component  multi-fraction separations or in the 
case when the object drugs have more than one chiral centre such as nadolol in this 
study. It is our aim to study the separation performance of such a system and its 
application in the ternary separation of chiral drugs.  
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 We consider a ternary mixture of compounds A, B and C and assume that 
compound C is the least retained one, compound B is the middle retained one and 
compound A is the most retained one such that . Compounds C, B and 
A correspond to the first (component 1), second (component 2) and third eluted 
compound (component 3), respectively. For a better understanding, five-zone SMB can 
be regarded as a modification of conventional four-zone SMB, with a side stream 
introduced at the point of highest concentration of the middle component B. In 
particular, the introduction of the side-stream in section II would result in the division 
of that section. The separator would then have five sections in total and two extract 
streams, with the feed located between sections III and IV (see Figure 8.1). Similarly, 
positioning the side-stream in the raffinate region would create the separator with two 
raffinate streams and a feed located between sections II and III (see Figure 8.2). For 
classical four-zone SMB processing a multi-component mixture of M compounds, it is 
CBA KKK >>
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possible to define a KEY component as follows: all components going from 1 to KEY 
are produced in the raffinate(s) and the remaining compounds going from KEY+1 to M 
are produced in the extract(s) (Mazzotti et al, 1994). Similarly, for a five-zone SMB 
separating a ternary mixture, the compounds of 1, 2 and 3 can be produced either in 
Raffinate, Extract 1 and Extract 2 streams for KEY=1, or in Raffinate 1, Raffinate 2 
and Extract streams for KEY=2. The two configurations are designated as 2-raffinate 
and 2-extract SMB respectively and for clearance and consistence, the side stream is 
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 For 2-raffinate configuration SMB, desired separation is achieved if each 
component migrates to its corresponding product outlet, as indicated by the arrows in 
Figure 8.2. However, it should be noted that, although the amount of C in raffinate 2 
can be minimized, some C in this stream is inevitable since component C must pass 
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through that point as it migrates towards the raffinate 1 outlet. Thus one cannot 
produce pure component B in raffinate 2 stream at steady state although 100% purity 
of A and C can be obtained in the extract and raffinate 1 stream, respectively. 
Therefore ideal separation result is to achieve an extract stream with a 100% yield of 
pure A, raffinate 1 stream with the greatest possible yield of pure C, and raffinate 2 
stream with a 100% yield of B and least possible contamination with C. The 
conclusion is also true for the 2-extract configuration where one can not produce pure 
component B in extract 2 stream although 100% purity of A (but at a lower yield due 
to losses to the extract 2 stream) and C could be obtained in the extract 1 and raffinate 
stream, respectively. Thus the five-zone SMB cannot be considered by itself if one 
wants to produce pure compound B, the medium retained one, in the separation of a 
ternary mixture.  
 For both 2-extract and 2-raffinate configurations of the five-zone TCC, the 
system must fulfill certain requirements on the migration directions of each compound 
of the ternary mixture to achieve the desired separation. The desired migration of the 
three components is shown in Figure 8.1 and 8.2, respectively.  
 As discussed early, for a complete separation in TCC unit, the net flow rate of a 
component should be negative if it follows the solid flow while the net flow rates of a 
component must be positive if it follows the fluid flow.  These can be summarized to 
the following two cases regardless of the number of components and zones in the TCC 
process: 
1) The compound i follows the liquid flow: 
ij
j
i Kmf ≥⇒≥ 0  (8. 54) 
2) The compound i follows the solid flow: 
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i Kmf ≤⇒≤ 0  (8. 55) 
 By applying these migration direction rules, the design criteria of the flow rate 
ratios, mj, in the five zones are summarized in Table 8.3. 
 
Table 8.3 Design criteria of flow rate ratios for the five-zone SMB 
Flow rate ratio mj 
 Zone 
2-Raffinate configuration 2-Extract configuration 
5 CKm <5  CKm <5  
4 CB KmK >> 4  CB KmK >> 4  
3 BA KmK >> 3  CB KmK >> 3  
2 BA KmK >> 2  BA KmK >> 2  
1 AKm >1  AKm >1  
 
 
 When employing 5-zone SMB (which is the equivalent form of the 5-zone 
TCC) in the chiral separation of nadolol, it is well known that the same mobile phase 
and stationary phases as those in the batch preparative separation study should be 
employed for the continuous chromatographic process. However, in our study, the 
particle size of silica gel on which perphenyl carbamoylated β-CD was covalently 
bonded deserves some more considerations. Theoretical studies have shown that there 
is an optimum particle size which depends on the conditions of the purification: the 
selectivity of the phase system, the isotherms, the purity and recovery ratio that must 
be achieved and the pressure rating of the equipment, etc. Accordingly, particle size is 
recommended to be between 10-30 µm for batch preparative chromatography 
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(Ganetsos and Barker, 1993). This suggestion is in consistent with our previous study 
in chapter 6, where kinetic and equilibrium studies were conducted on the perphenyl 
carbamoylated β-CD bonded silica gel with particle sizes of 15 µm. In practical 
applications of SMB, more than one column are needed (normally 8-10 columns are 
used), thus a great deal of packing materials are needed. Besides, due to the pressure 
limit of the whole system, the maximum back pressure of each single column is 
restricted in order to achieve stable operations and accurate controlling of products 
flow-rates. So for economic and operation considerations, it is usual that larger particle 
size (in the range of 10-50 µm) of silica gel is used in the SMB operation. This is 
especially economical in the case when only one specific application (such as 
enantioseparation of nadolol in this study) rather than general ones is required. 
8.4. Experimental 
8.4.1 Chemicals 
 HPLC-grade methanol was obtained from Fisher Scientific (Leics, UK). Glacial 
acetic acid and triethylamine were obtained from Merck (Germany). HPLC water was 
made in the laboratory using a Millipore ultra-pure water system. The racemate 
mixture of nadolol was purchased from Sigma (St. Louis, MO, USA). All purchased 
products are used without further purification. 
 Empty column (250mm x 10 mm) assembly was purchased from Phenomenex 
(USA). The columns were packed with perphenyl carbamoylated β-CD (whose 
synthesis was described in Chapter 4) bonded onto silica gel using an Alltech 
pneumatic HPLC pump (Alltech, USA) by slurry packing method. The silica gel was 
supplied by Hypersil (UK) with a particle size of 15-25 µm. The eluent (desorbent) 
used was a binary mixture containing 80% aqueous buffer solution (1% TEAA, 
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pH=5.5) and 20% methanol. The feed solution was prepared by dissolving racemate of 
nadolol in the desorbent at a concentration of 0.043 and 0.25 mg/ml, respectively. The 
eluent and feed solution were degassed in a model LC 60H ultrasonic bath before 
running the experiment. 
 
8.4.2 Separation unit 
 For five-zone SMB, the separation unit is constituted of 10 columns (250 mm 
long and 10 mm internal diameter) arranged in a 2-2-2-2-2 configuration, i.e., two 
columns per section while 8 columns arranged in a 2-2-2-2 configuration were used for 
the four-zone SMB. Through minor modifications of the system (i.e., 5 rather than 6 
multi-position valves were employed for four-zone SMB) and the controlling software, 
the same experimental setup was capable of carrying out all SMB operations in this 
study, which include 2-raffinate and 2-extract five-zone SMB as well as four-zone 
SMB. For instance, a scheme of the 2-raffinate five-zone SMB unit is shown in Figure 
8.3, where the continuous solid movement is mimicked by periodically shifting the 
feed and withdrawal points of the unit in the same direction as the fluid flow. Five 
external streams are present: the feed mixture to be separated, the desorbent, the extract 
stream enriched in the most retained species, A, the raffinate 1 stream enriched in the 
least retained species, C, and the raffinate 2 stream containing a mixture of the two less 
retained species, B and C. As illustrated in Figure 8.3, in the laboratory unit used in 
this work the fluid stream, coming out of the fifth section, is not recycled directly to 
section 1, but is collected and recycled offline. This yields the so-called open-loop 
configuration, which is equivalent to the closed-loop configuration, where the 
desorbent is directly recycled to section 1, provided that the stream coming out of 
section 5 does not contain any of the components to be separated. In scheme of Figure 
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8.4 for the sake of simplicity only five columns, one for each section of the SMB, are 
shown.  
 The concentrations of the extract and raffinate streams were analyzed using a 
standard analytical chromatographic system. The samples of the three products were 
collected at the middle of the switch times at different cycle and switch times. An 
analytical column (250mm⋅4.6mm) packed by 5µm CSP was used to analyse the 
concentration of samples based on calibration lines obtained previously from external 
standard nadolol solutions. The same Shimadzu SCL-10AVP chromatographic system 
as used in previous sections was used for the analyzing. The absorbance wavelength 
was set at 280nm.  
8.4.3 Flow control system 
 With reference to Figure 8.4, six flows (feed, eluent, extract, raffinate 1, 
raffinate 2 and recycled eluent) are needed to handle the 2-raffinate SMB unit. The two 
inlet streams, i.e., feed and eluent, as well as three of the four outlet streams, i.e., 
extract and the two raffinates, are controlled by 5 HPLC pumps and thus leaving the 
recycled eluent stream free and determined by the overall material balance of the SMB 
unit. In particular, the feed solution is pumped in using a Shimadzu LC-10AT (Tokyo, 
Japan) pump and the eluent is pumped using a Perkin Elmer series 200 LC pump 
which mixes the binary mixture of buffer solution and methanol at the desired 
composition. An online vacuum degasser (SUPELCO) degasses all the liquid being 
pumped into the system. The three outlet streams, i.e., the extract and two raffinate, are  
controlled by 3 Jasco PU-1587 pumps. For cross-checking of product flowrates, the 
vessels containing the collected products are weighed on electronic balances (Mettler 
AE240). 
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Figure 8.3 Two-raffinate Configuration of 5-zone SMB 
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Figure 8.4 Scheme of the laboratory 5-zone SMB unit in the 2-raffinate configuration 
(only 1 column of each of the 5 zones is shown. For the sake of simplicity the 
connection of columns with multi-position valves for raffinate 1 and raffinate 2 are not 
given, where 1a, 2a, 3a, 4a and 5a are connected with the five ports of raffinate 2 
multi-position valve and 1b, 2b, 3b, 4b and 5b are connected with the five ports of 
raffinate 1 multi-position valve respectively). The setup was also applied to the 2-
extract configuration SMB as long as the program which controlled the switching of 
rotary valves was changed accordingly.    
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 The simulation of the counter current movement is obtained by switching six 
(10+1)-port multi-position valves (Valco Instruments, VICI EMTMA-CE), which are 
connected to each of the ten columns. In particular, the feed or eluent solutions are fed 
to each of the ten columns via two (10+1)-port multi-position rotary valves, 
respectively. The extract, two raffinates and the recycled eluent are withdrawn from 
the columns via four other (10+1)-port multi-position rotary valves. The switching of 
the rotary valves is controlled by software provided by the manufacturer. Furthermore, 
the flow direction is determined by ten check valves (Upchurch company CV-3000, 
with 1.5psi cracking pressure and 5000psi holding pressure) located on the lines 
connecting each column to the following one. It is worth noting that in order to 
eliminate cross-contamination the check valve is inserted between the outlet 
connections of the previous column and the inlet connections of the following one. The 
setup was also applied to the 2-extract configuration SMB as long as the program, 
which controlled the switching of rotary valves, was modified accordingly and the 
extract, raffinate 1 and raffinate 2 streams were changed to extract 1, extract 2 and 
raffinate stream in the 2-extract SMB, respectively.    
8.5. Results and discussions 
In this study, continuous separation of ternary mixture of nadolol was firstly 
investigated in the five-zone SMB unit (for both configurations). To increase 
productivity of the desired enantiomer, the separation was also carried out for four-
zone SMB in non-linear region. For design and operation of SMB process, one can rely 
on equilibrium theory and the equivalence between SMB and TCC process. Thus 
proper values of m1 to m5 (m1 to m4 for four-zone SMB) were selected, and attempts 
should be made to increase production rate and enrichment, decrease desorbent 
consumption and at the same time maintaining the robustness of operation. The 
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selection of the switching time is the result of a compromise: short switching times 
give a higher production rate and a shorter start-up time (the time required to reach 
steady-state) but they also lead to higher flow-rates. Therefore, there is a lower limit 
for t*, set according to the maximum pressure (or the maximum flow-rate) allowed. It 
should be mentioned that either t*, or equivalently Q1, the largest flow rate in the unit, 
should be determined by taking into account the upper limit of operation pressure in 
the unit. Finally, having decided mi (i=1,…5) and t* (or Q1), Equation 8.30 is used to 
determine the liquid flow rate in the five sections of SMB and thus the inlet & outlet 
streams flow rates. The advantage of this approach is that the flow rate ratio is a 
dimensionless group bringing together information about column volume, V, unit flow 
rates, Qi, and switch time, t*, and thus can be applied whatever the configuration, size 
and productivity of the SMB unit in both linear and non-linear systems. 
 The total porosity of the 10 mm I.D. columns packed by the perphenyl 
carbamoylated β−cyclodextrin (β−CD) immobilized onto 15-25 µm silica gel were 
determined and the average total porosity, εT, of the 10 columns was found to be 0.71. 
The adsorption isotherm was evaluated on the 4.6mm I.D. column packed with the 
same CSP and the equilibrium constants were found to be 5.34, 6.80 and 11.20 for 
(SRS)- and (SSR)-nadolol (considered as one component), (RRS)-nadolol and (RSR)-
nadolol, respectively. They correspond to the first, second and third peaks of the eluted 
chromatogram and are represented by C, B and A, respectively in the following 
discussion. Although it has been claimed that adsorption isotherms is independent of 
the particle size of adsorbent (Charton and Nicoud, 1995), our experiment results show 
that adsorption isotherms obtained on the 15-25µm silica gel are different from those 
obtained on the 15 µm silica gel (see chapter 6). This may be because that 
experimental conditions to produce these different size particles may not be identical, 
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thus the surface chemistry may not be same and hence the isotherm (The difference is 
expected to be less noticeable if small particles are obtained by rushing and sieving of 
larger particles). As the consequence of different particle size distribution, 
chromatogram peaks are more diffused due to mass transfer and axial dispersion effect 
compared with those obtained from the same CSPs bonded onto15 µm regular silica 
gel.  
8.5.1 Robust and optimum operation of the SMB 
 Since component A of stereoisomer (RSR)-nadolol is the most potent and 
desirable enantiomer, the purpose of the SMB separation is to produce an extract 
stream with the highest possible purity and yield of this component. At the same time, 
separation performance such as purity, yield and productivity of component B and C 
are examined in different operation conditions (the definitions of process performance 
parameters for 2-raffinate five-zone SMB are given in Table 8.4). One should bear in 
mind that 100% purity of component B cannot be produced in the side stream (whether 
it is raffinate 2 or extract 2 stream) due to the contamination with component C or A 
for the 2-raffinate or 2-extract configuration, respectively. Because 2-raffinate 
configuration could produce a 100% yield of pure A while 2-extract configuration is 
possible to produce 100% yield of pure C, we firstly study the separation performance 
of the five-zone SMB on the 2-raffinate configuration. 
Graphical representations of the separation conditions are shown in Figure 8.5, 
based on design criteria summarised in Table 8.3. Since the 2-raffinate configuration 
has three separation sections (section  II,  III and  IV),  two diagrams  are necessary   to  
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 Table 8.4 Definition of process performance parameters for 2 Raffinate 5-zone SMB in complete separation region 
Definition Expressed by operation parameters Performance
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describe   the  operating  conditions.  Figure 8.5  (a) represents the conditions for 
separation sections II and III, which straddle the feed stream. This diagram is similar to 
that for a SMB without a side-stream. Because of the introduction of feed stream, m3 is 
greater than m2 and therefore all the possible operating states must lie above the 
diagonal line (m3 = m2). Similarly, Figure 8.5 (b) represents the conditions around the 
raffinate 2 stream. Since the output of raffinate 2 stream, m3 is greater than m4 and all 
the possible operating states must also lie above the diagonal line (m3 = m4). It is 
obvious that to produce the desired separation, the system must operate simultaneously 
within the valid operating areas in both diagrams. For the proper design and operation 
of 5-zone SMB, m1 and m5 are firstly selected to fulfil the inequalities of Table 8.3 to 
regenerate the adsorbent and eluent in section 1 and 5, respectively. Then m2, m3 and 
m4 are decided so that the corresponding operating points lie inside the separation 
regions, which are of triangle and rectangular shapes in the m3−m2 and m3−m4 
diagrams, respectively. The points should be close to the theoretical optimal point in 
order to achieve a high production rate, yet far away from it within the boundaries of 
the operating area to assure robustness. 
 At the SMB’s theoretical optimum operating state, indicated as point “O” in 
Figure 8.5 (a) and (b), the unit has the highest possible productivity and enrichment of 
products and the lowest desorbent consumption. This is because at this point the value 
of m3-m2 and m3-m4 has the highest and lowest values respectively within the operating 
regions. However, as mentioned early, the performance of the SMB at this condition is 
very sensitive to various kinds of disturbances. To avoid this, operation state away 
from the optimum operating point O should be chosen. Furthermore, instead of 
choosing m2, m3 and m4 randomly within the operation area, certain defined locus of the 
operating state is usually applied to study the effect of different flow rate ratios on the 
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separation performance systematically. Point A is located on the dashed line whose 
distance from the boundaries is a defined percentage of the width of the operating areas 
in both diagrams. The operating parameters and separation results are shown in Table 
8.5.  
Table 8.5 Operating conditions of SMB experiments for 2-raffinate configuration 
 
Flow rate ratios Flow rates (ml/min) Product purity (%) Run 
m1 m2 m3 m4 m5
Switch 
time t*
(min) Q1 QF QR1 QR2 QE E R1 R2 
A 12.10 7.18 10.82 6.67 4.94 18.00 7.54 2.11 1.00 2.41 2.86 99.8 94.5 38.2
B 12.10 7.12 10.70 6.49 4.94 18.00 7.54 2.08 0.90 2.45 2.89 99.9 99.4 39.2
C 12.10 7.28 10.46 6.35 4.94 22.85 6.15 0.80 0.65 1.88 2.21 100 99.4 39.6
D 12.10 7.52 10.12 6.15 4.94 18.71 7.51 0.80 0.67 2.22 2.56 100 99.2 38.1
E 12.10 7.76 9.81 5.96 4.94 14.72 9.54 0.80 0.72 2.74 3.08 100 99.1 36.3
F 12.10 8.00 9.51 5.78 4.94 10.86 12.94 0.80 0.81 3.59 3.95 100 98.8 35.0
G 12.10 6.98 10.91 6.62 4.94 18.00 7.54 2.28 0.97 2.49 2.97 99.4 66.1 34.0
 
 
 It was found that high purity of component A in extract product was obtained 
while purity of component C in raffinate 1 stream is around 94% due to undesired 
contamination with component B. This means the middle adsorbed component, B, 
moves in the direction of liquid flow in section IV rather than in solid flow as 
expected. It indicates that m4 could be larger than KB during the operation, suggesting 
the possible inaccuracies of equilibrium constants obtained (especially for KB due to 
the fact that the first and second peaks were not baseline separated) as well as less of 
robustness of the operations. A further analysis of the operating conditions reveals that 
distances from the dashed line to the boundaries of m4=KB and m3=KA in the (m4, m3) 
diagram is proportional to the width of the corresponding operating region, represented 
by KB-KC and KA –KB, respectively. On the other hand, distances from the dashed line 
to the boundaries of m2=KB and m3=KA in the (m2, m3) diagram is equal to each other 
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since the widths of the triangle operating region are equal to each other (represented by 
KA –KB). Obviously in most cases the equilibrium constants of the ternary mixture are 
not equally spaced and thus operating conditions is more likely to be disturbed in one 
direction (i.e., the distance of point A to boundary m4=KB is only one third of that to 
boundary m3=KA), especially when the operation point is near to the optimal point. In 
order to guarantee robustness of the separation, proper safety factor were often used to 
calculate the operating values of flow rate ratios in four-zone SMB (Yun et al., 1997b). 
The concept can be extended to five-zone SMB, and for simplicity the same safety 
factors can be applied to five sections. Accordingly, flow rate ratios can be expressed 
as follows: 
AKm β=1  (8. 56) 
BKm β=2  (8. 57) 
βAKm =3  (8. 58) 
βBKm =4  (8. 59) 
βCKm =5  (8. 60) 
From Equations 8.57-8.59 one can obtains: 
BA KKmm =⋅ 32  (8. 61) 
)(43 BA KKmm =  (8. 62) 
 Equation 8.61 corresponds to the portion of hyperbola going through the 
theoretical optimal point (KB, KA) and point ( BABA KKKK , ) in the ( , ) 
diagram, while Equation 8.62 corresponds to the portion of straight line with slope of 
2m 3m
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BA KK and passing the optimal point (KB, KA) in the ( , ) diagram. Experimental 
runs were carried out to find possible optimal operation conditions by changing the 
difference of m
4m 3m
3 and m2 (and thus m3 and m4) along the locus described by Equation 
8.61 and 8.62. Theoretical studies show that operation performance (i.e., productivity 
and desorbent requirement) can be improved by increasing the difference of m3 and m2 
(note that difference of m3 and m4 also increases during the change) at the sacrifice of 
robustness of operation. It was found that at operation conditions of G, less of 
robustness of operation cannot hinder the disturbance of operation, so the purity of 
raffinate 1 stream decreased though extract stream purity was satisfactory. Based on 
the experimental results, point B could be the possible optimal operation condition 
among the studied conditions. It was noted that the separation requirement of flow rate 
ratios in section II and III were always met during various experiments, while the 
requirement in section IV was not always satisfied. This may be explained that axial 
dispersion and mass transfer effect could make the effective separation region narrower 
for both ( , ) and ( , ) diagrams, among which SMB operation was much 
easier to be disturbed in the m
2m 3m 4m 3m
3−m4 diagram (fourth region of SMB) because the 




















































































Figure 8.6 Effect of difference of m3 and m2 on the separation performance  
of 2-raffinate 5-zone SMB   
 
          
 To study the effect of different operation conditions (m2, m3, m4) on the SMB 
performance, point C, D, E, F were selected whose feed flow rate were kept constant. 
In Figure 8.6, it was found that enrichment of extract and raffinates increased 
significantly with the increasing of the difference of m3 and m2. In other words, the 
solvent consumption was decreased. Productivity and yield of products increased 
slightly with increasing of the difference of m3 and m2 while purity of the streams did 
not change significantly.  It was found from these runs that the desired component A 
was produced in the extract stream with a high purity and yield. Low purity of 
component B was obtained in the raffinate 2 stream due to the inevitable contamination 
with component C in this stream although its yield was high which suggested that 
almost all component B migrated in the liquid flow direction in section IV and 
discharged all the way from raffinate 2 stream. As for component C, it was obtained in 
a high purity in raffinate 1 stream, but its yield decreased significantly compared with 
component A and B due to the discharge of component C in raffinate 2 stream with 
component B together.  
 On the other hand, robustness of operation can be improved by decreasing the 
difference of m3 and m2 (or decreasing the difference of m3 and m4) when the operation 
condition was changed from point C to point F. Since feed flow rates were kept 
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constant during the course of changing flow rate ratios, decreasing the difference of m3 
and m2 could make shorter switch time and thus increase the eluent flow rate in the 
whole system, especially in the first section which has the highest flow rate in the SMB 
unit. As a consequence, the pressure of system increased continuously until stable 
operation was difficult to be maintained, which causes good separation results not to be 
achieved. This suggests that although decreasing the difference of m3 and m2 could 
improve the robustness of operation (at the expense of sacrificing operation 
performance), further decreasing of it could make SMB operation unstable and 
frustrate achieving good separation results. Unstable operation was avoided in this 
study and should also be avoided in practical applications. 
8.5.2 Operation of the SMB for 2-extract configuration 
 In this part, separation performance of the five-zone SMB on the 2-extract 
configuration was examined.  
 The design criteria for the five-zone 2-extract SMB was similar to that of the 2-
raffinate configuration (as shown in Table 8.3), with the exception that in section III 
 is required rather than . Like the 2-raffinate SMB, two 
diagrams are necessary to describe the operating conditions, which represent the 
conditions for section III and IV (which straddles the feed stream) and those for section 
II and III around the extract 2 stream. It is worth noting that m
CB KmK >> 3 BA KmK >> 3
3 < m2 and m3 < m4 due 
to the output of extract 2 stream and introduction of feed stream, respectively. Thus all 
the possible operating states in section II and III must lie below the diagonal line (m3 = 
m2), as shown in Figure 8.7 (a). Similarly, operating states in section III and IV must 
also lie below the diagonal line (m3 = m4), as shown in Figure 8.7 (b).  Again, the 
system must operate simultaneously within the valid operating areas in both diagrams 
to produce the desired separation. 
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Figure 8.7 Operating diagrams for 5-zone SMB
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 At point Q in Figure 8.7 (a) and (b), the difference of m4-m3 and m2-m3 has the 
highest and lowest value compared with any other possible conditions within the 
operating region, giving the possibility that the unit has the highest productivity and 
product enrichment and the lowest desorbent consumption at this state. However, like 
that of 2-raffinate SMB, this theoretical optimal state is lack of robustness. Applied 
same safety factor to the 2-extract SMB, flow rate ratios of m1, m2, m4 and m5 have the 
same form as those of Equation 8.56, 8.57, 8.59 and 8.60, respectively, with the 
exception of m3 which is expressed as: 
βCKm =3  (8. 63) 
 Accordingly, following equations can be obtained to describe the locus of 
operation conditions, which limits the choice of operating points on one dimensional 
curve in the (m2, m3) and (m4, m3) regions, respectively: 
CB KKmm =⋅ 43   (8. 64) 
)(23 BC KKmm =  (8. 65) 
 Equation 8.64 corresponds to the portion of hyperbola going through the 
theoretical optimal point (KB, KC) and point ( CBCB KKKK , ) in the ( , ) 
diagram, while Equation 8.65 corresponds to the portion of straight line with the slope 
of 
4m 3m
BC KK  passing through the theoretical optimal point (KB, KC) in the ( , ) 
diagram. Experimental runs were carried out to study the effect of different operation 
conditions on the SMB performance by changing the difference of m
2m 3m
3 and m4 (and thus 
m3 and m2) along the locus described by Equation 8.64 and 8.65. In Table 8.6, point H, 
I, J, K are selected whose feed flow rate were kept constant at 0.25 ml/min.  
 188
Chapter 8.Continuous Counter-Current Separation of Nadolol Enantiomers 
 
Table 8.6 Operating conditions of SMB experiments for 2-extract configuration 
 
Flow rate ratios Flow rates (ml/min) Product purity (%) 
Run 




Q1 QF QE1 QE2 QR E1 E2 R 
H 12.10 7.06 5.54 6.55 4.94 23.24 5.84 0.25 2.27 0.68 0.72 99.9 52.7 99.6
I 12.10 7.17 5.63 6.45 4.94 18.88 7.19 0.25 2.73 0.85 0.83 99.7 53.1 99.7
J 12.10 7.28 5.72 6.35 4.94 14.53 9.34 0.25 3.47 1.13 1.01 99.8 52.4 99.8

































































































Figure 8.8 Effect of difference of m4 and m3 on the separation performance 
of 2-extract 5-zone SMB 
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 It was seen from Figure 8.8 that enrichment of both extracts and raffinate 
increased significantly with increasing of the difference of m4 and m3. Productivity of 
the two extracts and raffinate increased slightly with the increase of m4-m3 while purity 
and yield of the streams does not change significantly.  It was found that the desired 
component A was produced in the extract 1 stream with a high purity but its yield is 
lowered considerably compared with that of 2-raffinate configuration since component 
A was also discharged from extract 2 stream. Meanwhile, low purity of component B 
was obtained in the extract 2 stream due to the inevitable contamination with 
component A and unexpected component C in this stream although its yield was high 
suggesting that almost all B migrated in the liquid flow direction in section II and in 
the solid flow direction in section III and discharged all the way from extract 2 stream. 
As for component C, it was obtained in a high purity in raffinate stream since it was 
the only component contained in this stream, but its yield was decreased due to the 
discharge in extract 2 stream which was undesirable. This suggests that the flow rate 
ratio restriction for component C could be violated in section III. Axial dispersion and 
mass transfer effect could make the effective separation region narrower for both 
( , ) and ( , ) complete separation regions. Besides, the smaller difference of 
K
4m 3m 2m 3m
B and KC can also make the separation more difficult and easily to be disturbed. 
 It is known that the robustness of operation can be improved by decreasing the 
difference of m4 and m3 (or increasing the difference of m2 and m3). Since feed flow 
rates were kept constant during the course of changing flow rate ratios, decreasing the 
difference of m3 and m4 could make shorter switch time and thus increase the eluent 
flow rate in the whole system, until stable operation was difficult to maintain which 
prevents good separation results to be achieved. As a guideline, unstable operation was 
always avoided in the practical operation of SMB. 
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8.5.3 Nonlinear separation of multi-component nadolol  
 We have studied five-zone SMB for the separation of nadolol in both 2-
raffinate and 2-extract configurations. Since our target compound is enantiomer (RSR)-
nadolol (component 3 or A), four-zone SMB was employed to separate the most 
retained enantiomer from its ternary mixture in this study. The SMB was conducted in 
nonlinear region to achieve higher productivity. For the complete separation of ternary 
mixture, two regimes exist which are n=1, p=2 and n=2, p=3. The latter one 
corresponds to the requirement of production of pure (RSR)-nadolol. The competitive 
Langmuir coefficients were evaluated on the 4.6mm I.D. column packed with 
perphenyl carbamoylated β−CD immobilized onto 15-25µm silica gel by h-root 
method discussed in chapter 7. The bi coefficients were found to be 0.11, 1.72 and 8.85 
for the first, second and third component, respectively.  
 
1) Optimal and robust operation of SMB 
For enantioseparation of nadolol by SMB using non-adsorbed mixture of 
methanol and aqueous buffer as eluent (here 0=Da  and it is the special case of weak 
desorbent), the necessary and sufficient complete separation conditions in Equation 
8.47 and 8.48 defines a one-to-one mapping between  and  zeros of function −ω +ω
( )ω2T  and the ( ) planes.  '3'2 ,mm
( ) ( ) ( )[ ] 01 '2'2'32 =−−−= −−− mEmmT ωωω  (8.66) 
( ) ( ) ( )[ ] 01 '2'2'32 =−−−= +++ mEmmT ωωω  (8.67) 
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The parametric equations of the boundaries of the complete (n, p) separation 
region and the coordinates of the intersection points can be obtained in a matter of 
algebraic procedure using Equation 8.66, 8.67, 8.75, 8.76 and 8.45 (see Figure 8.9 for 
the definition of boundaries and intersection points). It must be pointed out that for 
strong and strong-intermediate desorbent (  or , where 
subscript ES and EW refer to the strongest and weakest components in extract group), a 
one-to-one mapping between the  and  zeros of function 
ESD aa > ESDEW aaa <<
−ω +ω ( )ω3T  rather than 
( )ω2T  and the ( ) planes should be established. '3'2 ,mm
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ωω=  ( )Fpna ωω <<  (8.69) 








Em =  ( )pFp a<< ωω  (8. 70) 
Point :  (8. 71) nc namm == '3'2
Point :  (8. 72) pd pamm == '3'2































ωω+=  (8. 73) 























ω+=  (8. 74) 
Where the first and second derivative ( )ω'E  and ( )ω"E  of function ( )ωE  are 
expressed as: 
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" , ωωωωωω  (8.76) 
 Knowing Langmuir isotherm and feed overall concentration and composition, 
complete separation region for ternary mixture of three chiral center drug (nadolol) 
was constructed in the ( ) plane for both (1, 2) and (2, 3) separation regime, as 
shown in Figure 8.9. Furthermore, it is worth noting that for proper operation of SMB, 
adsorbent and fluid should be regenerated in section 1 and 4 respectively, and the 













4 crmm <  (8. 78) 
 The physical meaning is that in section one the most retained component must 
be eluted from the solid phase by the eluent. In the limiting case the rear flank of the 
corresponding wave transition of pure component 3 must be standing in section 1. For 
section 4, the critical condition is realized when the weakest adsorbed 1-shock is 
standing. For a complete separation, from the mass balance and applying 
transformation of Equation 8.46 to the raffinate stream, the critical value of can be 










































ω  (8. 79) 
 It is worth noting that the desired root, , coincides with the smallest root of 




R << ω R1ω
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'
,4 crm  can be easily found by trial and error method (such as in Table 8.8) instead of 
solving this complicated nonlinear equation. Besides, attentions should be paid that 
unlike the critical value of , the critical  is a function of feed concentration and 









 It is helpful to analyse the different regions by the concept of standing waves 
(or shocks). For instance, we consider regions around complete (2, 3) separation. Since 
components (1, 2) are conveyed upwards with fluid and collected in raffinate stream 
while component 3 (p=C=3) are conveyed downwards with solid and collected in 
extract stream, the rear flank of a simple wave transition of type 2, through which 
component 2 is eluted, should be standing in section 2 with zero propagating velocity, 
this is the smallest  value to achieve the state, further smaller  could make the 
strongest component in raffinate (component 2) move downwards thus contaminate 
extract stream while maintaining the purity raffinate (although its recovery decreased), 
this region is pure raffinate region. On the other hand, the shock transition of 
component 3, through which this component is adsorbed, is standing in section 3. This 
is the largest  value to achieve the state, further larger  could make the weakest 
component in extract (i.e., component 3) move upwards thus contaminate raffinate 
stream while maintaining the purity of extract, the region is pure extract region. The 
optimal operating point is just the intersection of the two lines; in this point the 
smallest  value and the largest  value to obtain the desired (2, 3) separation 
regime occur simultaneously, therefore the productivity of the unit is maximized. 
Besides, curve  represents the largest value of  for the front flank of the 
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'
2m  could also make the weakest component in extract (component 3) move upwards 
thus contaminate raffinate stream, thus one would also go to the pure extract region.   
 In Figure 8.9, if one decreases  and  along operation line l (feed flow rate 
remains unchanged), one would undergo different regions of pure extract of (2, 3) 
separation regime, complete (2, 3) separation, pure raffinate of (2, 3) separation 
regime, complete (1, 2) separation and pure raffinate of (1, 2) separation regime. The 
components distributions in extract and raffinate streams are shown in Table 8.7. It is 
worth noting that pure raffinate region of (2, 3) separation regime is identical to that of 
pure extract region of (1, 2) separation regime. Several experimental runs were carried 
out around (2, 3) complete separation region and the results are shown in Table 8.8. It 
was found that the product purities are consistent with the corresponding regions. It 
should be noted that in separation of the ternary mixture of nadolol into component 3 
in extract and component 1 and 2 in raffinate, component 1 and 2 are assumed to be 
one single component, so even 100 % purity in raffinate stream is merely a binary 
mixture. Furthermore, when the difference of  and  increase (from run R to T), 
the separation performance of the unit such as yield and productivity increase. To find 
the possible optimal operation condition, one could operate SMB on different 
conditions along different operation lines, such as l and m in Figure 8.9, and with the 
decreasing of  and  one would undergo different (2, 3) separation regions. The 
conditions that complete separation region were changed to either pure raffinate region 
or pure extract region correspond to real boundaries of complete separation region on 
the ( ) plane. By connecting the corresponding points, one could obtain an 
approximate optimal operation point from the intersection point, which may be 
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perturbations in experimental operations, the limitation of equilibrium theory which 
neglects axial mixing and mass transfer resistances as well as the inaccuracies of 





Table 8.7 Components (1, 2, 3) distributions in product streams for  
different separation regions of 4-zone SMB 
 
(n, p) regime Separation regions Extract Raffinate 
Complete separation 2, 3 1 
Pure raffinate 1, 2, 3 1 n=1, p=2 
Pure extract 2, 3 1, 2 
Complete separation 3 1, 2 
Pure raffinate 2, 3 1, 2 n=2, p=3 




Table 8.8 Experimental results of different separation regions of 4-zone SMB  
 














(min) Q1 QF QR QE E R 
Q 13.44 9.55 10.02 4.44 (5.3321) 15.0 6.08 0.18 2.14 1.49 99.5 88.6
R 13.44 7.05 7.52 4.44 (5.3223) 15.0 6.08 0.18 1.18 2.45 99.5 99.8
S 13.44 6.05 6.52 4.42 (5.3057) 15.0 6.08 0.18 0.80 2.83 82.2 99.9
T 13.44 6.25 7.31 4.41 (5.2904) 15.0 6.08 0.41 1.11 2.76 99.4 99.8
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2) Effect of non-linearity on the separation of SMB 
 In separation of ternary mixture of nadolol by the four-zone SMB, the role of 
nonlinearity on the separation performances was investigated, which includes the 
overall feed concentration and composition of the components to be separated.  
 The boundaries of both (1, 2) and (2, 3) complete separation region for different 
feed concentrations were calculated simply by using Equations 8.68-70, with 
adsorption isotherm and fixed feed composition known. Figure 8.10 showed that both 
linear and nonlinear complete separation region for (2, 3) separation regime is larger 
than that for (1, 2) separation regime, because 23 aa −  is greater than . This 
explained the reason why it is easier to split a ternary mixture between components 
with larger equilibrium constant difference (i.e., between component 2 and 3 of 
nadolol) than that with smaller difference (i.e., between component 1 and 2) in SMB 
separation. It was found that with the increase of feed concentrations, the optimal 
points of  move towards the lower left corner of the plane and the complete (1, 2) 
and (2, 3) separation region become smaller and sharper with a long tail (curve 
). In other words, the complete separation regions gain increasing nonlinear 
characters, which require the flow rate ratios of and  must be decreased. It is also 
worth pointing out that larger feed concentrations imply smaller upper bounds on 
(i.e.,  according to Equation 8.79), which means smaller flow rate ratio in 
section 4 are required to avoid more concentrated fronts of the relative species reaching 
the end of this section between two successive switches. This effect is a consequence 
of the property of favorable Langmuir isotherm, for which the propagation velocity of 
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 The effect of changing feed composition at constant feed concentration is also 
analyzed. In Figure 8.11, both (1, 2) and (2, 3) complete separation regions are 
obtained for three cases whose mole fraction of the strongest component (component 3 
or A) is 0.25, 0.33 and 0.50, respectively. The feed compositions of the three 
components are 0.5, 0.25, 0.25 (representing separation of nadolol in this study), 0.33, 
0.33, 0.33 (equal mixture of ternary mixture) and 0.25, 0.25, 0.5, respectively. It can be 
readily observed that although the intersection between (1, 2) and (2, 3) complete 
separation regions and the diagonal remain the same (like the situation in Figure 8.10), 
the optimal points move downwards to the left, yielding a marked distortion of the 
complete separation regions. The regions become smaller and sharper as the mole 
fraction of the strongest component increases. This behavior is assumed to be due to 
the non-adsorbable nature of the desorbent (Mazzotti etc., 1997). It is thus obvious to 
note that decreasing mole fraction of the strongest component in the feed mixture could 
result in a larger and wider complete separation region as well as a higher productivity 























Figure 8.11 Effect of changing feed composition on the region of complete separation 
for separation of ternary mixture of nadolol by four-zone SMB (Total feed 
concentration is 0.1787 mg/ml and compositions of component A, B and C for case 1, 
2 and 3 are (1) 0.25: 0.25: 0.5; (2) 0.33:0.33:0.33;  (3) 0.5: 0.25: 0.25, respectively).
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8.6     Conclusions 
 The difference and equivalence of two approaches for countercurrent 
chromatographic separation process arising from the different definition of micropore 
liquid concentration were discussed. The two approaches are different in TCC process 
in terms of different definition of flow rate ratios and complete separation regions 
expressed by flow rate ratios. They are equivalent in SMB process because equal zone 
flow rates and switching time can be obtained from batch chromatography elution 
experiments. 
 The continuous chromatographic separation of enantiomer (RSR)-nadolol from 
its racemate (which is a ternary mixture in the chromatographic system) in both five-
zone and four-zone SMB has been studied.  It was demonstrated from our study that 
the same experimental setup could be applied to both five-zone (2-raffinate and 2-
extract configuration) and four-zone SMB provided the controlling software was 
modified accordingly. Separation performances of the five-zone SMB were 
investigated for both 2-raffinate and 2-extract configurations. Desired component A 
can be produced with a high purity and yield in the 2-raffinate configuration while a 
high purity but considerably decreased yield of this component was obtained in 2-
extract configuration. Same safety factors were applied to both configurations to study 
the effect of -  (or - ) on the separation performance systematically, and 
robust and optimum separation conditions were investigated for both configurations. 
Further, four-zone SMB was employed to separate the target enantiomer from its 
ternary mixture in nonlinear region. Provided that adsorbent and fluid be regenerated 
properly in section 1 and 4 respectively, different regions of (2, 3) and (1, 2) complete 
separation regime were determined in the ( , ) region. A practical way of 
3m 2m 4m 3m
2m 3m
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obtaining the approximate optimal operation condition from experimental results was 
proposed. The effect of nonlinearity including the overall feed concentration and 
component composition on the separation performances was investigated and the shape 
and location of the corresponding complete separation region were examined 
thoroughly.  
 In the SMB operations, perphenyl carbamoylated β-CD was bonded onto larger 
silica gel of 15-25 µm for economic and operation considerations (i.e., due to pressure 
limit of the whole system), which resulted in lower column efficiencies. Although 
resolution of nadolol in individual column is decreased, our experimental results 
confirm that SMB processes have the ability for difficult chiral separation, especially 
for that of 2-chiral center drugs, which could be difficult to realize in batch process if 
same efficiency of column is employed. This is due to the countercurrent contact 
between the fluid and the adsorbed phases, which enhances the efficiency of the inter-
phase mass transport in SMB units.  
 In order to achieve complete separations in the SMB unit, fluid to solid flow 
ratio m1 must be large enough to elute the most retained component from the solid 
phase. It is clear that  should be larger than  for five-zone SMB (for both 2-
raffinate and 2-extract configuration) (or  for binary separation) in both linear 
and nonlinear region of the isotherm. Thus CSPs having shorter elution times of all 
components to be separated are capable to produce higher productivity since this 
allows for higher flow rates in the unit for the given pressure limitation of the whole 
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Chapter 9  
Modelling and Simulation of Continuous Counter-Current  
Separation of Nadolol  
 The modeling of chromatographic processes has received lots of attention in 
recent years. Generally there are two main strategies of modeling an SMB process; one 
representing the real SMB, taking into account the periodic switch of the injection and 
collection points, and the other by assuming the equivalence of an SMB process with 
the true moving bed (TMB) model. As mentioned early, the equivalence between SMB 
and TMB processes has been well established and extensively used  (Ruthven and 
Ching, 1989), which holds true even in the relatively coarse subdivision of SMB, i.e., 
2-4 columns in each zone (Pais et al., 1998) 
 Models of SMB separation processes can also be classified according to the 
description of fluid flow as continuous flow models (plug flow or axial dispersion 
flow) or as mixing cell models (Hidajat, et al., 1986; Ching et al., 1983, 1987, 1988, 
1994). In other classifications, mass transfer inside the particles has been considered by 
the linear driving force approximation (Hashimoto et al., 1983; Pais, et al. 1997b, 
1997c, 1998) or more detailed bilinear driving force approximation (Azevedo and 
Rodrigues, 1999). On the contrary, by neglecting mass transfer resistance and axial 
mixing, equilibrium theory has been developed (Mazzotti, et al., 1994) and widely 
applied in the SMB process, which is also known as the triangle theory. 
9.1. Modeling of steady state behavior of Counter-Current Process 
 The SMB and TMB have similar cyclic steady state performances and thus one 
can design, operate and obtain optimum operating conditions for the SMB using the 
TMB model. In this chapter the direct SMB simulation approach will be used to 
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simulate the nonlinear four-zone SMB process in the separation of β-blocker drug 
nadolol. The model is developed assuming axially dispersed plug flow for the fluid and 
a linear mass transfer rate expression. The following assumptions are considered in the 
development of the model: 
 
• Negligible thermal effects 
• Complete radial mixing 
• Mass transfer coefficients and physiochemical parameters independent of mixture 
composition. 
• Voidage and radius of the column constant along its length. 
• Constant flow rates in each section. 
• Pressure and velocity variations have no effect on equilibrium relation 
 
The differential mass balance equation over a slice of stationary column of SMB 



















 (9. 1)     
The Linear Driving force approximation gives us 
( iii qqktq −=∂∂ * ) (9. 2)  
With Danckwert's boundary conditions: 







∂ ν )] (9. 3) 




ci  (9. 4) 
Where, qi* is the solid phase concentration which is in equilibrium with the fluid phase 
concentration and expressed by Langmuir isotherm: 
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τ  (9. 7)   
The Boundary conditions convert to: 










Yi  (9. 9) 
where 
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 Applying the technique of orthogonal collocation and neglect the subscript i for 























βτ  (9. 10)  
)( * QQSt
d
dQ −=τ  (9. 11) 


















iYimAX  (9. 13)  
The boundary conditions can be rearranged and expanded to provide expressions for 
calculating Y (1) and Y (m+2). 
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i  (9. 15)  
At the inlet of the desorbent stream 
Y (1) = 0 (9. 16)  






++= −  (9. 17) 
For all other columns 
1)2()1( −+= ColNColN mYY  (9. 18)  
 
 For each component in each column we have two differential equations at each 
internal collocation point. In our binary separation study there are eight columns in a 2-
2-2-2 configuration. Eighteen (18) collocation points are used for each column, 
including those of the column inlet and outlet points. Therefore, there are 8*2*2*18 = 
576 ordinary differential equations which can be solved by Gear's method. Using the 
IMSL integration routine IVPAG, the differential equations are solved and the steady 
state concentration profiles can be calculated. The FORTRAN program is attached in 
appendix. This program uses a subroutine IDX12 to designate columns numbers in the 
four zones of SMB during switches of inlet and outlet points (e.g., IDX0 and IDX1 
always indicate the first and second column number during the SMB switching in the 
program), subroutine SWITCH is used to calculate liquid flow rate in each of the 8 
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columns and also the inlet concentration for each column. Although commercial 
software such as ASPEN Chromatography (Aspentech company) and SiMoBe (Prosim 
company) are available now for the SMB simulation, this program is helpful to give 
one the insight into SMB process and it is potential to be extended to other SMB 
configurations (i.e., five-zone SMB) by revising the program accordingly.  
 
9.2 Results and discussion 
9.2.1 Model Parameters 
 To calculate the concentration profiles of the two components in the SMB 
system using the dispersed plug flow model, knowledge of the bed voidage, dispersion 
characteristic, adsorption isotherms and the kinetic parameters of the SMB system are 
required. These parameters can be obtained from batch chromatography on the 
columns packed by perphenyl carbamoylated β−cyclodextrin (β−CD) immobilized 
onto 15-25 µm silica gel, as discussed previously. 
 The bed voidage of the columns were calculated from total porosity of columns 
determined from non-retained 1,3,5-tri-tert-butyl-benzene (TTBB) by pulse 
chromatographic experiments. The average bed voidage was found to be 0.47. The 
axial mixing in the columns as well as in the dead volumes were also determined by 
pulse chromatographic experiments using TTBB as the tracer. This mixing was 
assumed to be accounted for by an effective axial dispersion coefficient DL which is 
dependent on liquid velocity. From moment analysis of the chromatogram, the 
dispersion coefficient was approximated to be 0.0060v. In separation of ternary 
mixture of nadolol into its two components by four-zone SMB, component 3 ((RSR)- 
enantiomer of nadolol) was produced in extract and binary mixture of component 1 and 
2 was obtained in raffinate stream. In this chapter component I was used to refer to 
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binary mixture of component 1 and 2 (which are assumed to be one component) and 
component II refers to component 3 (here component 1, 2, and 3 refer to the first, 
second and third peaks in the elution chromatogram, respectively).  
 In chapter 8, expressions for boundaries of complete separation region in the 
(m2, m3) plane have been determined for both (1, 2) and (2, 3) separation regime. This 
is very useful at the stage of design and operation of SMB unit, especially for different 
separation requirements such as (1, 2) and (2, 3) complete separations. For modeling 
and simulation of the pseudo-binary separation in our case, the ternary mixture of 
nadolol can be reduced to an equivalent pseudo-binary mixture constituted only of the 
weak-key (component 2) and strong key (component 3) components and concentration 
of the weak-key in the feed stream can be taken equal to the sum of the concentrations 
of components 1 and 2. The Langmuir isotherm of component 1, 2 and 3 have been 
established by h-root method in chapter 7, and the equilibrium parameters of 
component I and II can be given as the function of the corresponding parameters of the 
original ternary system by: 
 
8.62 == aaI ,  (9. 19) 72.12 == bbI
2.113 == aaII ,  (9. 20) 85.83 == bbII
21 cccI +=  (9. 21) 
3ccII =  (9. 22) 
 
 The pseudo-binary separation defined by Equations (9.19) to (9.22) was 
believed to be as difficult as, or in general more difficult than the original region 
determined from Langmuir isotherms of the three components and their corresponding 
concentrations in the feed (Mazzotti et al, 1994). The validity and the extent of 
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conservative of the separation region obtained from the “shortcut” method compared 
with the “true” one has not been discussed in a quantitative way and this deserves to be 
investigated for practical applications. In Figure 9.1, boundaries represented by curve a 
were determined from all three components in the ternary mixture while boundaries of 
curve b was obtained from the shortcut method of pseudo-binary separation. It was 
found that the complete separation region obtained from the shortcut method is a 
subset of the true complete separation region and the optimal separation conditions 
obtained differed slightly from the “true” separation. It is worth noting that run T is 
located inside the complete separation regions for both cases. Thus modeling and 
simulation of the pseudo-binary separation can be conducted on the basis of the 













Figure 9.1 Complete separation regions of the four-zone SMB for separation of 
nadolol. Curve a- ternary separation determined from three components in the ternary 
mixture, b- pseudo-binary separation using component 2 as the weak-key, c- pseudo-
binary separation using component 1 as the weak-key, which covers (1, 2) and (2, 3) 
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 It is worth noting that due to diffused and partially resolved elution peaks 
between the first and second component, it is difficult to obtain accurate kinetic 
parameters. Besides particle size of the silica gel to which CSP was immobilized, the 
mass transfer coefficient may also be influenced by the solute concentration, fluid 
velocity and the presence of the other component. Since it is well believed that gross 
features of the dynamic behavior of the SMB system were mainly determined by the 
equilibrium relationship rather than by kinetic coefficients, mass transfer coefficients 
obtained from the same CSP immobilized onto 15µm silica gel were applied in the 
simulation. The mass transfer coefficients for component I and II were approximated to 
be 846 and 106 min-1, respectively, which were determined from the moment analysis 
of the response peaks obtained from pulse chromatographic experiments over a range 
of liquid velocities. In our simulation, 5 fold and 10 fold decreasing of the mass 
transfer coefficients (smaller values are expected for larger particles with size 
distribution) are also applied. 
9.2.2 Cyclic steady-state behavior 
 The cyclic steady-state concentration profile is shown in Figure 9.2. This 
profile was obtained by sampling the outlet solution at column 8 for eight consecutive 
switches. The samples collected during the first switch in a cycle represent the column 
outlet concentration of column 8 and the second switch, column 7 and so on. The 
collections for each switch were also performed at the mid-time within the switches. 
The progression of the concentration profiles within a switch interval for the 8 columns 
was compared with the values calculated from the mathematical model. Generally, 
good agreement between the theoretical and experimental profiles was observed.  
 It is worth noting that some experimental results varied from theoretical 
profiles. This could be due to the different columns parameters in the SMB unit. This is 
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possibly caused by different batches of adsorbents and the difficulty of obtaining 
reproducible columns by conventional slurry packing method for larger diameter 
columns. The disagreement could also be due to the difficulty of controlling flow rates 
accurately in the SMB experimental studies. Besides, sample collections from column 
8 during steady state could deteriorate the operation and cause experimental errors. On 
the other hand, the assumption of constant mass transfer resistance might not be a very 
accurate assumption due to the concentration dependence of mass transfer coefficients, 
which depends on the solute-mobile phase- stationary systems. It was observed from 
our simulation study that the theoretical profiles were much more sensitive to the 
equilibrium isotherm than to the accurate determination of mass transfer resistances. In 
general, the cyclic steady-state profiles calculated from the model used in this study are 
in good agreement with the experimental values and the model is adequate in  


























Simulation (Component II, k
decreased 10 times)
Simulation (Component I, k
decreased 10 times)
 
Figure 9.2 Steady state concentration distribution profile in the four-zone SMB 
 
( Operation conditions: t*=15 min, =6.08 ml/min, 1Q =FQ 0.41 ml/min,  
=RQ 1.11 ml/min, =EQ  2.76 ml/min) 
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 A direct simulation approach has been used to simulate the operation and 
performance of a simulated moving bed process for separation of ternary mixture of 
nadolol in a four-zone SMB. The simulation of the pseudo-binary separation was 
conducted on the basis of the shortcut method constituted only of the weak-key and 
strong key components. It was discussed quantitatively that the complete separation 
region obtained from the shortcut method is a subset of the true complete separation 
region and the optimal separation conditions obtained differed slightly from the “true” 
separation.  
 The performance of the cyclic steady state behavior of the separation unit is 
predicted reasonably well. The parameters determined by pulse experiments and 
moment analysis seem to be adequate in simulating the steady state behavior. The 
model does not account for the variation in mass transfer coefficient and dead volume 
introduced by the tubing between columns. The simulation results show that the 
separation performance is more sensitive to the accurate determination of the 
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Chapter 10  
Conclusions and Recommendations  
  
 The separation of chiral drugs has been of great interest in recent years. 
Enantioseparation of beta-blocker drugs, an important category of chiral drugs with 
effective medical applications, was studied in this thesis. Specially, among beta-
blockers, propranolol and nadolol were chosen as the target substances. This is because 
on the one hand, propranolol belongs to the most important beta-blocker drug (e.g., a 
variety of analogous compounds have been developed based on propranolol) and its 
pure enantiomeric form is available facilitating crystallization studies; on the other 
hand, nadolol, the β-blocker drug widely used in the management of hypertension and 
angina pectoris, has multi-stereogenic centers, which represents an important category 
of chiral drugs. Since a considerable amount of work has been applied in the literature 
on applying SMB technique to the separation of relatively simple one chiral center 
species such as propranolol, this thesis decidedly focused on the much more 
complicated three chiral center species of nadolol, which represents a multicomponent 
separation. 
 As a traditional optical resolution technique, crystallization plays an important 
role in the enantioseparation of chiral drugs.  Based on three different types of racemic 
mixtures, which are racemic conglomerate, racemic compound and solid solution 
(pseudoracemate), either direct crystallization (also known as preferential 
crystallization) or crystallization of diastereomers formed from a racemic compound 
substrate and an optically active resolving agent can be applied. Besides racemic 
mixture with 1: 1 molar ratio, crystallization technique can also be applied to a 
partially resolved compound leading either to a racemate or to a pure enantiomer, 
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depending on the initial enantiomeric purity and the type of racemate forms. Thus 
characterization of the racemic species is a prerequisite for the design of crystallization 
processes and the issues of predicting the type of racemic species for a given racemate 
is very important for the correct choice of resolution methods.  
 In this thesis, thermodynamic calculations, structural studies as well as 
solubility studies were performed for β-blocker drug propranolol hydrochloride. The 
thermodynamic properties of enthalpy, entropy and Gibbs free energy of formation of 
racemic compound of propranolol hydrochloride and the entropy of mixing of the (R)-, 
(S)- enantiomers in the liquid state for conglomerate of propranolol hydrochloride were 
calculated. Inconsistent results may be deduced from the thermodynamic properties of 
fT∆ ,  and , mlS∆ 0G∆ fH∆∆ . On the other hand, noticeable differences were found in 
the structural studies such as powder X-ray diffraction patterns, infrared spectra and 
solid-state NMR spectra of (S)- and (R, S)- propranolol hydrochloride suggesting 
racemic compound nature of propranolol hydrochloride. The metastable zone width of 
racemic propranolol hydrochloride in the mixed solvent of methanol and acetone in a 
volumetric ratio of 1:4.11 were determined experimentally at different temperatures. 
The ternary solubility phase diagram of (R)-, (S)- propranolol hydrochloride and the 
above solvent mixture was constructed at 20 °C, which can be used as a guideline for 
choosing crystallization operation conditions to produce pure enantiomers of 
propranolol hydrochloride. It is shown by our study that combination of different 
techniques such as thermodynamic calculations, structural studies as well as ternary 
solubility diagram may be a powerful and reliable method to identify the nature of 
racemic species.  
 Due to the low occurrences of conglomerate (it is shown in this study that 
propranolol hydrochloride also belongs to racemic compound), chances to resolve 
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chiral drugs by direct crystallization method are extremely limited. For chiral drugs 
with more than one stereogenic center (such as the beta-blocker drug nadolol), direct 
crystallization also faces difficulties, partly due to the difficulty to preferentially 
crystallize the four stereoisomers, while in the conventional direct crystallization 
technique the two opposite (R)- and (S)- enantiomers are crystallized alternately. In 
contrast, the advantages of chromatographic processes for preparative and large-scale 
direct separation of enantiomers is obvious provided suitable chiral stationary phases 
are available. Noting that the separation of binary mixtures (i.e., one chiral center 
racemate) in continuous mode such as the SMB process is almost well established, the 
three chiral centre β-blocker drug, nadolol, was selected as the target drug in the 
continuous chromatographic separation of chiral drugs. 
 Native and derivatized β-cyclodextrin (CD)-based stationary phases have been 
used successfully for the enantiomeric separation of a wide variety of optical isomers. 
A novel synthesis procedure, based on post-immobilization derivatisation of CD 
molecules, to produce heptakis (6-azido-6-deoxy-2, 3-di-O-phenylcarbamolyted) β-
cyclodextrin (also known as perphenyl carbamoylated β-CD) bonded chiral stationary 
phase, was developed by our group. The CSPs were synthesized and packed into 
suitable size of columns in our lab. Synthesis procedure of the modified β-cyclodextrin 
bonded CSP was discussed in Chapter 4.  
 In this perphenyl carbamoylated β−CD immobilized CSP, complete resolution 
of three components of nadolol was achieved (two stereoisomers eluted together and 
overlapped in the first peak of the chromatogram) and the most active enantiomer 
(RSR)-nadolol was completely separated from other components. Various factors that 
affect the enantioseparation, including the mobile phase composition, pH, ionic 
strength, mobile phase flow rate and temperature were examined systemically in 
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Chapter 5. The optimum separation conditions for the mobile phase were determined, 
which was triethylamine acetate (TEAA) buffer solution (1% w/v, 
pH=5.5)/methanol=80:20, flow rate 0.3ml/min and temperature of 20°C. At the 
optimal experimental conditions, enthalpy and entropy change of binding to the CSP 
for the three components of nadolol were determined. The results showed that it is 
energetically favorable for the solute of nadolol to be included in the β-CD cavity and 
their transfer from the mobile phase to the stationary phase are enthalpically driven. 
The optimal mobile phase conditions forms the basis to separate nadolol in a 
continuous and preparative scale in the following work. 
 In Chapter 6, the preparative column packed with perphenyl carbamoylated β-
CD bonded onto 15 µm spherical silica gel was characterized by the parameters of bed 
voidage and axial dispersion coefficient. The kinetics of mass transfer and equilibrium 
constants were also evaluated by moment analysis on the basis of solid film linear 
driving force model for the given sample--mobile phase--chiral stationary phase 
chromatographic system. The simulated elution profile matched the experimental ones 
quite well, which confirmed validity of model parameters obtained. 
 As a separation method, enantioseparation by chromatographic method is 
preferred to operate at relatively high concentrations, which gives rise to the 
importance of determining the competitive adsorption isotherm among solute species. 
In chapter 7, h-root method was used to determine the competitive Langmuir isotherm 
for stereoisomers of nadolol. This method divides the determination of Langmuir 
parameters into two parts. The intrinsic affinity coefficients  were obtained from 
linear elution chromatography, and competitive interference coefficients  were 
obtained from non-linear frontal chromatography. It is worth noticing that compared 
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known as the dummy species) was not introduced for determining the n component 
competitive Langmuir isotherm. Thus expressions for wave velocity and h-root of the 
entering fluid do not contain this dummy species, which was originally introduced by 
Helfferich in 1970 in an attempt to establish the equivalence of an n-component system 
with non-stoichiometric adsorption (i.e. Langmuir competitive isotherm) with an 
(n+1)-component system characterized by stoichiometric ion exchange. Although it is 
not surprising that same final expressions were obtained in this study as those in 
literature, the application of the latter one needed the introduction of a dummy species 
and therefore rendered unnecessary complications since the equivalence of an n-
component non-stoichiometric Langmuir adsorption system with an (n+1)-component 
system with stoichiometric exchange has been established. Although the arbitrary 
choice of dummy species (which is in the range of 0 and the intrinsic affinity 
coefficient of the least retained component) has no effect on the final results, it gives 
rise to confusion and this disadvantage is avoided by applying h-root transformation 
directly to the multi-component chromatographic system without introduction of 
dummy species. As for other benefits of this method, the individual isomers of nadolol, 
which are not commercially available, are not required and only very small amount of 
racemic mixture of nadolol is needed. This facilitates the determination of isotherms 
for racemic drugs. In chapter 7, it was found that the experimental and simulated 
results matched well in the simulation, which confirmed that the adsorption of nadolol 
on perphenyl carbamoylated β-cyclodextrin bonded chiral stationary phase conform to 
Langmuir isotherm behavior as well as the validity of the isotherm coefficients. 
 The difference and equivalence of two approaches for countercurrent 
chromatographic separation process arising from the different definition of micropore 
liquid concentration were discussed. The two approaches are different in TCC process 
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in terms of different definition of flow rate ratios and complete separation regions 
expressed by flow rate ratios. They are equivalent in SMB process because equal zone 
flow rates and switching time can be obtained from batch chromatography elution 
experiments. In application of SMB process, it is of crucial importance to use TCC to 
SMB conversion and linear isotherm coefficients expressions consistently within the 
two approaches. 
 After brief reviews on conventional batch preparative chromatography and its 
optimization strategy, continuous chromatographic separation of enantiomer (RSR)-
nadolol from its racemate (which is a ternary mixture in this chromatographic system) 
in both five-zone and four-zone SMB has been studied. It was demonstrated from our 
study that the same experimental setup could be applied to both five-zone (e.g., 2-
raffinate and 2-extract configuration) and four-zone SMB provided the controlling 
program was modified accordingly. Separation performances of the five-zone SMB 
were investigated for both 2-raffinate and 2-extract configurations. Desired component 
of stereoisomer (RSR)-nadolol can be produced with a high purity and yield in the 2-
raffinate configuration while a high purity but considerably decreased yield of this 
component was obtained in 2-extract configuration. Same safety factors were applied 
to both configurations to study the effect of -  (or - ) on the separation 
performance systematically. Further, four-zone SMB was employed to separate the 
target enantiomer from its ternary mixture in nonlinear region. Provided that adsorbent 
and fluid be regenerated properly in section 1 and 4 respectively, different regions of 
(2, 3) and (1, 2) complete separation regime were determined in the ( , ) region. 
A practical way of obtaining approximate optimal operation condition from 
experimental results was proposed. The effect of nonlinearity including the overall 
feed concentration and component composition on the separation performances was 
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investigated and the shape and location of the corresponding complete separation 
region were examined thoroughly. A direct simulation approach has been used to 
simulate the operation and performance of a simulated moving bed process for 
separation of nadolol in the four-zone SMB. The simulation of the pseudo-binary 
separation was conducted on the basis of the shortcut method constituted only of the 
weak-key and strong key components. The performance of the cyclic steady state 
behavior of the separation unit was predicted reasonably well. Although the model 
does not account for the variation in mass transfer coefficient and dead volume 
introduced by the tubing between columns, simulation results show that the separation 
performance is more sensitive to the accurate determination of the adsorption 
isotherms than that of mass transfer coefficient.  
 In the practical operation of SMB, perphenyl carbamoylated β-CD was bonded 
onto larger silica gel of 15-25 µm for economic and operational considerations (i.e., 
due to pressure limit of the whole system), which resulted in lower column 
efficiencies. Although resolution of nadolol in individual column is decreased, our 
experimental results confirm that SMB processes have the ability for difficult chiral 
separation, especially for those multi-chiral center drugs, which could be difficult to be 
separated in batch process if the same efficiency column is employed. This is due to 
the countercurrent contact between the fluid and the adsorbed phases, which enhances 
the efficiency of the inter-phase mass transport in SMB units. 
 In the crystallization study, emphases were placed on the characterization of 
racemic drugs, which is a prerequisite for the design of crystallization resolution 
processes. Due to the low occurrences of conglomerate for chiral drugs, the application 
of direct crystallization (which is by far the most straightforward and economical 
enantioseparation method) is very limited. In future studies, on one hand, one can 
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integrate crystallization separation technique with other chiral separation processes 
(e.g., SMB, which can obtain partially resolved compound) for a large-scale separation 
of chiral drugs and intermediates regardless of what type the chiral compounds belong 
to. On the other hand, the limitations and possibilities of thermodynamics and kinetics 
in the separation process of racemic mixtures by direct crystallization could be 
examined in detail, in the mean time issues such as desired particle size distribution, 
crystal nucleation and growth kinetics as well as intermolecular interactions between 
enantiomers in the solid phase (which can be studied by molecular modeling and 
experiments) could be concentrated on. 
 The SMB process (five-zone and four-zone) discussed in this study can be 
extended to separate other racemic mixtures of pharmaceutical interest, including drugs 
with more than one chiral center. Theoretical study on ternary separation by five-zone 
SMB in nonlinear region could be investigated in the future, by applying the ω  
transformation and other theorems discussed in the thesis. Furthermore, besides 
ordinary solvents in chromatography, the usage of supercritical fluid (i.e., carbon 
dioxide) as an eluent follows the general trend to substitute organic solvents with 
harmless alternatives. The partition coefficient of a solute between stationary phase 
and supercritical solvent depends on the solvent density, which can be significantly 
altered by changing the operating temperature and pressure. This is particularly 
attractive in SMB processes where each of the four sections of the unit plays a different 
role and therefore the four sections would require different elution strength to achieve 
optimal performance. These advantages would be beneficial for our application of 
SMB in the difficult chiral separations.  
 To date nearly a hundred HPLC CSPs have been developed and commercially 
available. However, there is no single CSP can be applied universal, i.e., has the ability 
to separate all classes of racemic compounds. Development of CSPs being able to 
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resolve a variety of chiral drugs with high separation capacity, efficiency and short 
elution times has always been one changeling and attractive research direction. The 
CSPs should also be able to bond to suitable supports such as silica gel to provide 
practical operation requirements (i.e., solvent stability, mechanical properties and the 
pressure drop of column). 
 Besides crystallization and chromatographic separation methods, membrane 
separation processes which employ the intrinsic enantioselective membrane (i.e., 
enantioselective polymer or liquid) and the enzymatic catalyzed resolution technique, 
which has high enantioselectivity and are intrinsically environmentally benign, would 
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